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Quantum teleportation of light beams
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We experimentally demonstrate quantum teleportation for continuous variables using squeezed-state en-
tanglement. The teleportation fidelity for a real experimental system is calculated explicitly, including relevant
imperfection factors such as propagation losses, detection inefficiencies, and phase fluctuations. The inferred
fidelity for input coherent states i5=0.61+0.02, which when corrected for the efficiency of detection by the
output observer, gives a fidelity of 0.62. By contrast, the projected result based on the independently measured
entanglement and efficiencies is 0.69. The teleportation protocol is explained in detail, including a discussion
on discrepancy between experiment and theory, as well as on the limitations of the current apparatus.
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[. INTRODUCTION this protocol, an entangled EPR st4fi6] is created from
two independent squeezed fields. One half of this entangled
The no cloning theorenprohibits one to make an exact state(called EPR]is sent to Alice, who in turn combines it
copy of an unknown quantum stdtk]. Yet, it is nevertheless at a 50-50 beam splitter with an unknown input state that is
possible to transport an unknown quantum state from onatended for teleportation. Note that the input quantum state
place to another without having the associated physical obis unknown to both Alice and Bob. Alice subsequently mea-
ject propagate through the intervening space by a processires thex and p quadratures of the two output fields from
termedquantum teleportatioin the landmark work by Ben- the beam splitter, th& quadrature for one beam and the
nett et al. [2] in 1993. This “disembodied” transport of quadrature for the other. This measurementgpj provides
guantum states is made possible by utilizing shared quantuthe continuous variable analogy to a Bell-state measurement
entanglement and classical communication between thfor the discrete variable caf&7]. In the limit of perfect EPR
sending and receiving locations. In recent years, quanturnorrelations, Alice gains no information about the input state.
teleportation has played a central role in quantum informaThe output photocurrents from Alice’s two-quadrature mea-
tion science and has become an essential tool in diverssurements are transmitted to Bob via classical information
quantum algorithms and protocdi3,4]. channels. Bob then uses them to perform a continuous phase-
By contrast, progress on an experimental front has beespace displacement on the second EPR bd&RR2,
rather more modest in the actual attainment of quantum telghereby generating the teleported output state. For perfect
portation[5—8]. An overview of these various experiments EPR correlations, the teleported state has unit fidelity with
as well as operational criteria for gauging laboratory succesthe original unknown input state, as can be verified by “Vic-
can be found in Refd9,10]. Significantly, to date, only the tor” who both generates the original input and measures the
experiment of Furusawat al. [7] on continuous variables teleported output. Of course, the limit of this ideal case is
has achieved unconditional quantum teleportafiti]. unattainable in any laboratory setting. This necessitates the
The purpose of this paper is to present a report of ouintroduction of operational criteria to gauge the success of
progress in the continuation of the experiment as reported bthe protocol, as discussed in Ref8,10], and as will be
Furusaweet al.[7] and as described in RdfL2]. We give a  applied in relation to our experiment.
detailed description of our quantum teleportation apparatus The paper is organized as follows. In Sec. Il, we discuss
and procedures, and include recent experimental rgdilfs  the fidelity for quantum teleportation in the presence of
Some notable distinctions between our current experimerbsses and phase fluctuations, including especially for the
and the previous one by Furusaved al. are improved EPR beams. In Sec. Il this model is connected to the labo-
Einstein-Podolsky-Rose(EPR entanglement, better detec- ratory via a detailed discussion on the generation of our EPR
tion efficiencies, and ultimately, a higher fidelity between theresource, including specifications of the optical parametric
input and teleported output states. We also investigate inscillator (OPO parameters, the obtainable squeezing, and
some detail the various factors that limit the quality of thethe characterization of the EPR state. The technical details of
teleportation procedure under realistic conditions and as ardhie actual implementation of the quantum teleportation pro-
applicable to the experimental setup. We provide a detailetbcol are discussed in depth in Sec. IV with emphasis on the
model of the entire experiment that includes essentially alphase-lock servo systems and the calibration of the classical
the dominant loss mechanisms and utilize this model to gaiinformation channels. Here, we also present data on the tele-
insight into the limitations of the current apparatus and pro{ortation of coherent states of light. These experimental data
tocols, and thereby to discover methods of circumventingare compared to theoretical calculations based on the rel-
these limitations. evant parameters for the experiment, with each parameter
Our experiment is based on the continuous variable telemeasured in absolute terms without adjustment. Finally, we
portation protocol proposed in Rdfl4], which in turn was collect our conclusions in Sec. V, together with an outlook
motivated by the work of Vaidmafi5]. In our realization of  for future progress.
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b splitter. This modulation is directly drivefwith suitable gain
and phase compensatjoby the photocurrentsi{,i,) from
Alice’s detectors. The relevant efficiency is the visibilgy
between EPR2 and the modulated coherent state. Finally, the
quality of the teleportation can be checked by a third party
LO (Victor) that performs homodyne detection on the output
Lo state. The visibility of Victor's homodyne detector is denoted
&s.

As discussed in more detail in Ref®,10], the perfor-
mance of the teleportation protocol can be quantified by the
g N fidelity F, which is defined by

// \

- .,

Squeezed beams F:<¢in|Pout| Pin)s @

FIG. 1. Ma_lin parts in the teIeportatiqn_proFocoI for continuous which is simply the overlap between the input sthfe,)
\./ar.lables. Indlcatgd are the relevant efficienciés (5,&epgr) that (which is assumed to be a pure sia@md the output state
limit the teleportation fidelity. characterized by a density matpy,. In the limit of perfect
detectorqunity efficiencie$ but with a finite degree of EPR
correlation, the fidelity for quantum teleportation of coherent

In this section, a theoretical description of the quantumstates can be shown to bg 9]
teleportation protocol for continuous variables is given. This

Alice x

Il. THEORY

is a generalization of previous work in order to include all E= iex;{— iwout_ ﬂin|2}- 2
relevant detector inefficiencies and phase offsets for the ex- 9q 9q

periment. The discussion is divided into two parts: in Sec,,, ..

Il A, the effect of nonideal homodyne detectors is investi-

gated while Sec. Il B concerns phase fluctuations due to im- oo= \/(1+U\XN)(1+05V), (3a)
perfect phase-lock servos. Both effects turn out to be of sub-

stantial importance in trying to accurately model o=l =0%+3e”+(1—-g)’+3e ¥ -(1+9g)% (3b

experimental data. « _ . .
Here, o}, and ol are the variancegn the Wigner represen-

tation) of the teleportec andp quadratures that emerge from
Bob’s beam splittefas shown in Fig. 1 gb,,:). g is gain of
Figure 1 shows a simplified schematic of the experimenthe classical channels, where we have assumed that the two
for teleportation of an unknown quantum state provided byc|assical channels have the same gain and that any phase
the verifier Victor and characterized by a pure input statesffsets have been appropriately compensated. Furthermore,
|#hin). The process is as follows: Alice performs measure-g. and g,,, are the amplitudes of the unknown input field
ments of the two quadraturesandp of the fields obtained and teleported output field, respectively. Finally,,r _ are
by combining the unknown input state with EPR1. This isthe antisqueezing and squeezing parameters, respectively, for
done by implementing two balanced homodyne detectorghe two equally squeezed beams used to produce the EPR
where the signal fields are each combined with a strong ca:orrelations, as will be discussed in detail in Sec. IlI C.
herent local OSCi”atO(LO) and the reSUIting Output intensi- Any real experiment, of course, suffers from finite losses
ties are measured. Subtracting the two photocurrents from i propagation and detection, with the individual efficiencies
given set of detectors results in a signal proportional to thgeing critical due to the fragility of quantum states of light. It
quadrature amplitude, with the relevant quadrature selecteghns out that the general expressi@ for the fidelity still
by the phase of the LO. The efficiency of the homodynezppiies to the case with losses, but with the variances of the
detectors can be characterized by the visibiliti€s, {3) of  quadratures of the teleported field generalized. In addition,
the overlap between the LOs and the output beams fromye take into account the fact that we do not observe the
Alice’s beam Splitter, as well as the detectors quantum efﬁ'output state direcﬂy, but instead measure the Output photo-
ciency . Furthermore, the visibility; of the overlap be- current from Victor's balanced homodyne detector. If we as-
tween the input state and EPR1 is relevant. sume as before that the input states to Alice are coherent

‘Due to the nature of the EPR correlations, the effect ofstates, then the quadrature variangg recorded by Victor
Alice’s quadrature measurements is to project EPR2 onto &y the teleported output state can be written as

state that differs from the unknown input state only by a

A. Detection inefficiencies

phase-space displacement. The necessary displacement, D22 2 2. 295 e 2r-

however, depends on the outcome of Alice’s measurements. ov=1—Tgéésy—0xé1t 5 5 + —5—

Hence, the task for Bob is to perform this phase-space dis- 27 Ax

placement with the classical information received from Alice o2+

by way of the photocurrents(,i,) shown in Fig. 1. In prac- X (Qy€1+ Mgéaésmy)’+ T(gxgl—r5§4§5nv)2,
tice, this is accomplished by overlapping EPR2 with a phase

and amplitude modulated coherent state on a 99-1 beam 4
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o

and the variance for the quadrature is given byo? p

= 09— 0p Nax— Map,E2— &3). The fidelity is then ob- = 4 tor 2

tained by replacingr? with ;P in Egs. (3). The nonunit =2 N v

reflectivity of Bob’s beam splitter appears as a loss facior 23 < S 7

where in our experimeniyg|>=0.99. 7, are detector effi- &, 1 T -

ciency factors directly related to the quantum efficiencigs % /Q _________

by a;= niz, where the subscripts denote AligeAlice p, or Z1 -

Victor. gy , are the suitably normalized gains for tke@ndp . /f\”ce x

classical channels, through which Alice sends information to . > A . 10

Bob. Squeezing [dB]

In terms of the model given in Fig. 1, the gaigg, are ) , .

given explicitly by _FIG. 2. Noise powers in _dB above the vacuum—sta_te limit for
Alice’s x detector and for Victor’s detector as a function of the
degree of squeezing of each squeezed vacuum state constituting the

x:MtB§2§577Ax77Vv (5a) EPR state. The solid traces are for an ideal case where both Alice
\/— and Victor have perfect detection efficiency and all relevant beams
are perfectly overlapped, that i§; _,s=«a;=1. The dashed traces
9p.(0) show the noise levels for a re@onidea) case where the visibilities
Op=—="te€3&sMapnv - (5b) correspond to the experiment described below andéa#€0.986,
\/E &,=€3=0.995,£,=0.988,£5=0.985, and the quantum efficiencies

of photodetectors are; =0.988. The squeezing given in the figure
Here, gy, 0y @and gy, (o) are dimensionless gains that accountis the squeezing just before the EPR beam splitter.
for the translation of the photocurrentg, into fields by
Bob’s amplitude and phase modulation, where the point ofraced back as the quantum duties added in each crossing of
reference is immediately before his beam splitter, which ishe porder between quantum and classical domains corre-
taken to have amplitude reflection and transmission CoefﬁSponding to Alice’s quadrature measurements and Bob's
cients {p,ts). Note that the formal limit of a phase-space phase-space displacem¢ntl]. This means that for classical
displacement by Bob is achieved only for the casg ( teleportation of coherent states, the best achievement pos-
— 00y (0)— ), with the productgg, (o) held constant. sible is to reconstruct the input state with two extra units of
The convention that we adopt for the normalization of theygacuum noise adde®,10]. The three vacuum units corre-
gainsgy , in Eqgs.(4) and(5) is such thag,=g,=1 results  spond to excess noise recorded in Victor's homodyne detec-
in By=Bin, and hence reflects an optimal reconstruction oftor of 4.77 dB above the vacuum-state limit for his detector.
the input state for any sensible values of the squeezing pawith quantum entanglement it is possible to beat this limit
rameters .. . The caveat here is that since we measure Vicand observe noise reduction below the 4.77 dB level in Vic-
tor's photocurrent and not the field emerging from Bob, wetor’s detector. The measured noise reduction can then be
effectively set|By|?=|Bin|> and not|B,u{°=|Bin|* as re-  transferred into a fidelity through Eq2). As analyzed in
quired by the protocol, where it can be easily shown that Refs.[9,10], the classical boundary for teleportation of co-
5 2 2 ) herent states i5=0.5.
|BvI*= €573 Boud (6) In the case of nonideal detectorg,=g,=1 still pre-
serves optimal teleportation for the normalized gains, in the
%ense thatBy=Bi,. However, the normalization is per-
D‘formed by effectively tuning the unnormalized gatyg, by

This defect in our measurement will be discussed quantit
tively when we present our experimental data in Sec. IV
Note that if Victor has perfect detection efficiencgs € ny
=1), the problem vanishes, and the result given inEgis nonideal _1_ideal
exact for the teleported output field emerging from Bob’s 9x(0) —(2857ax7v) "Ox(0) ®
beam splitter.

The corresponding variances obtained by Alice’s homo-2nd similarly forp. Thus, in the nonideal case the actual gain

dyne detectors are given by is larger than in the ideal case, reflecting the fact that the gain
must now compensate for Alice’s and Victor's detection
ok=1+ie ¥ +e¥+—2)EEq95 (7a  losses in order to ensurg,=g;,. As a consequence, the
fidelity drops belowF=0.50 with no entanglementr
oh=1+ %(e*2“+e2’+—2)§§§§nf\p. (7b) =0). In our experiment, the detection efficiencies are char-

acterized by the measured visibilities and quantum efficien-

Several limiting cases associated with these expressionses, which in the best case are given§jy=0.986, £,= &3
are worth noting. In the classical case where there is no EPR 0.995, £,=0.988, £5=0.985, anday= aay,= aap=0.988
entanglementr(. =r _=0), and with perfect homodyne de- *0.020, with uncertainty ir¥;_, 5 only about 0.2% for each
tectors ¢, ,5=7;=1), we obtainay=of=3, correspond- visibility [19]. With these experimentally achievable effi-
ing to three units of vacuum noise in Victor's homodyne ciency factors, we find that;°P=4.84 dB andF=0.494
detector. One unit stems from the vacuum noise intrinsic tavhenr .. =0.
the input coherent state, while the two extra units can be Figure 2 shows the excess noise recorded by Victor and
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FIG. 3. The fidelity for Victor’s teleported output as a function Visibility

of the degree of squeezing with the same parameters as in Fig. 2. o ) o )
Again, the solid trace describes a perfect case with ideal detectors FIG. 4. Fidelity as a function of visibility for different values of
(&_.s=a;=1), while the dashed trace describes the imperfect casé'® degree of squeezing. We have assunfeds=¢ and a
as relevant to our experiment{(=0.986, &,=§3;=0.995, &, =
=0.988, £5=0.985, a;=0.988).
detail in Fig. 4, where the fidelity is plotted as a function of

Alice x (or equivalently Alicep) as a function of the amount & Single global visibilityé (assumingé; .s=¢) and where

of squeezing, both for the ideal case with perfect detectiofh® quantum efficiencies of all the photodetectors are
efficiencies, and for the nonideal case with detector efficien=0-988. This figure clearly illustrates the need for a high
cies given above. With no squeezing in the ideal case, we sédnount of squeezing as well as very efficient spatial mode
from the solid curves that Victor obtains exactly 4.77 dB of Matching of our optical beams to achieve high fidelity quan-
excess noise as expected and as discussed above while Alft#n teleportation.
is shot-noise limited. With imperfect detection efficiencies as

shown by the dashed curves, Alice remains shot-noise lim-

ited, while Victor records excess noise higher than 4.77 dB. ) ) ) L
In fact, the only relevant efficiencies that drive Victor's re-  Not only losses associated with the detection efficiencies

corded noise above 4.77 dB involve Alice’s homodyne deJimit.the achieved fidelity for quantum teleportatio_n. Also the
tectors, namely &, 7,) for thex quadrature, andég, 7a,) quality of the servo_—control systems that lock various phases
for the p quadrature. All other detection losses can be com{€-9-, the local oscillator phases at Alice’s deteqtayspear
pensated by the gairgs , whenr . =0. to b_e of S|gn|f!cant importance, since phase dev_latlons du_e to
As the squeezing is increased so that mow-0, Victor nonideal Iockmg turn out to deteriorate the noise redL_Jctmn
records noise reduction below the =0 level. By contrast, measured by Victor. We will see that this mathematically

Alice’s noise increases above the vacuum level at her dete@C"eSponds to mixing of terms proportional to the anti-
tors, and in the limit of infinite squeezing, Alice’s noise di- squeezed quadratures of the squeezed beams constituting the
verges while Victor's excess noise is suppressed to th&PR state.

vacuum level. Notice that with perfect detection efficiencies, !N @ realistic model of .the experiment we include phase
o%P<4.77 dB for anyr.>0. With imperfect efficiencies, offsets of four servo locks: the EPR lock, Alice’s two homo-

this is not true. In effect, some of the squeezing is “wasted"dyne detectors, as well as Bob’s lock of the phase between

to compensate for the nonideal efficiencies. Since our experF—he second EPR.f|eId and t.he classical field. .The. analysis
mental visibilities are close to unity, this loss can be ne_presented here will be a straightforward generalization of the

o ; derivation in Ref[20] based on the Heisenberg picture. The
glected as it is below the level of other experimental uncer- ! X
tainties for small values af.. . However, with large degrees quadratures of the two EPR fields and 3 are obtained by

of squeezing, the disparity between the ideal and nonideﬁornbining two squeezed fields with the angle between the

cases increases and cannot be ignored, as can be seen frofy€€2ing ellipses equal to/2. Although we have investi-

Fig. 2. The reason for this trend is that now the visibilitigs gat(?d amore complete moo_lel, here_we account for the phase
and ¢, that characterize the overlap of the EPR beams Witfewaﬂon away fromm/2 by introducing an angle offsele
it

B. Phase fluctuations

Alice’s and Bob's relevant beams. as well as the nonunit®" field 2. In this simple nonideal case, we obtain for the

reflectivity rg of Bob’s beam splitter, become important. The lelds emerging from the EPR beam splitter,
losses from nonuni§; and ¢, obviously cannot be compen-
sated by the gains of the classical channels.

The noise reduction at Victor can be transferred into a
teleportation fidelity, with the result plotted in Fig. 3. The (93
solid and dashed curves for the ideal and nonideal cases
mimic the conclusions discussed above for the variangg’s

1 n ~ A
X1 o= E(er +X(10)1 cosfge” r —X(ZO) *sin eEer + p(zo)) )

: 1
measured by Victor. D1 =— (e -0 % coste O+ singe "-x@
Of course, the teleportation fidelity is very dependent on P12 \/E( P1 B¢ P2 F 2°)
the detector efficiencies. We investigate this point in more (9b)
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3.30

wherex{®} andp{% are vacuum state operators fos,) for
the input beams 1 and 2 to the beam splitter, respectively. 3.2
Further downstream, EPR beam 1 is mixed with the un- 3.20
known input state on a 50-50 beam splitter creating the
modesu=(aj,—a;)/v2 andv=(aj,+a;)/v2, and Alice
measures the two quadrature amplitudes of the correspond-
ing state in her homodyne detectors. Allowing for small
phase deviationg,, and 6, in the detection process, we
find that the quadratures measured by Alice now become

3.15

310 e Lo gt P

3.05

AR

Noise power [dB]

B’
O
X

3.00

295

2 0 2
Victor LO phase [rad]
Xu(Bax) =X COSOpxt+ PuSINOay s 10
uOa) =% AxT PuSIN Oax (109 FIG. 5. Calculated noise power at Victor's balanced detector
E’ (0 ):E) COSOa-—X.SiN6 (10b) when scanning his local oscillator TOV/G—E:O°,2°,4°,6° (corre-
vi AP v Ap Tv Ap: sponding to the bold, thin, dotted, and dashed curves, respegtively

Finally, Bob performs a phase-space displacement of the se@nd for 63,=63,=05=0. Realistic values of the degrees of
ond EPR beam by overlapping with the coherent beam corgdueezing £ 3 dB) and of antisqueezing@ dB) have been used in
taining the classical information received from Alice. Allow- E9s-(13) to obtain these traces.

ing again for a phase offsedg in Bob’s phase-space i )

displacement, we calculate that the quadrature operators for After some algebra, we finally arrive at

the teleported state exiting the apparatus for investigation by

Victor is given by ov(X)=(AXZ)=1+[2—162 —L162—20%]e >~
Ry=%,C0805+ Psin O+ \2%,(0n), (113 +[565,+ 365+ 261", (133
Py=P;C0805—X,SIN 05+ V2P, (Opp), (11D ov(p)=(APG)=1+[2- 363, 3 63le ¥~

where the normalized gains of the classical channels have +[%gp+ AR (13b)

been taken to be unity. Using Eq9) and(10), we arrive at .
expressions for the Heisenberg operators for the teleportaghere the variouss? are meant to be associated with the
field received by Victor, namely, residual rms fluctuations arising from the nonideal perfor-
mance of our locking servos. Explicit dependence on the
V2Xy= \/2C0S0,Xin + (COSOg — COSOa) €+ XV + [ cog O phased,, of Victor's LO is given by

+ 0) +COg O+ Op,) ]~ X+ V25in O i o [X(6y)]= oy(X)coLhy+ o(p)sidy . (14)
+(sinfg—sinfa)e”"~p{*+[sin( O+ bg) These equations make quantitative the obvious intuition
that the effect of the phase fluctuations is to add extra noise
in the quadratures measured by Victor through components
R . . proportional to the antisqueezed quadrature. In fact, rela-
V2py=—/2sinGapxin— (sin g+ sinOa) e XV —[sin( Bz tively small phase fluctuations~(1° rmg can degrade the

i 20 - noise reduction that would otherwise have been recorded by

+ 0g) = SiN( O+ Oap) &~ X+ 2080 pPin Victor, and consequently also the achieved fidelity.
The relevant second-order momertts for the various

locks can be obtained experimentally by measuring the rms
—cog O+ 0Ap)]er+f)(20)- (12b) noise of the error signals in locked operation. Typically, mea-

surements give/0—f22°—6°. Equationg13) also show that

By utilizing these expressions, the variances of the twdluctuations in the phase with which the squeezed beams are
quadratures measured by Victor can be calculated. Assumingbmbined to form the EPR beams are most critical, s@e
the phase excursions are small, we expand to the lowest ogpntributes with a coefficient four times higher than the other
der. We recall that the aim of this calculation is to describephase terms to the mixing with the antisqueezing term.
the impact of phase fluctuations in the various servo controls. Figure 5 shows the calculated noise in Victor's homodyne
Hence, we assume that there are no static ofisettich we  detector for different levels of phase fluctuations in the EPR
believe our current procedures adequately)nib that all  |ock, assuming that the other phase locks are perfect. Here,
the phase excursions vanish on averaggeQ, and only de- we employ realistic values of the degrees of squeezing and
viations expressed by the second-order moments contributantisqueezing for the experiment discussed in the following
Furthermore, it is assumed that all the phase fluctuations aections. Notice that Eq$13) imply that noise in the EPR
independent, so that products of phases vanish on averagdock will only affect Victor's x quadrature, and not the

+Sin( O+ Op,0) 1€+ P, (129

+(cosfg+cosfap)e " -piP+[cod g+ Og)
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the phases locked so that the squeezing ellipses are perpen-

Allce "%'%’ e ‘-’/ Expgrltm ental dicular to each other, the EPR state was generated which is
> 2D SiHD the quantum resource necessary for the actual quantum tele-
Alice | & portation protocol _described_previously i_n relation to Fig. 1.
(e « . In the current section, a detailed description of the generation
%sx 45080 A 2 of the EPR state is given with a careful characterization of
§ both classical and quantum properties of the OPO. The actual
1 w = implementation of the full teleportation protocol follows in
P >/ — Sec. IV.
Unknown State A‘ @8-66nm \ 4
"‘0’ A. Loss and gain in the OPO
vffg:é? 3’~’§§ o e 300mw i The OPO cavity was a standard bowtie ring configuration,
< Bob @hinn v as shown in Fig. 6, consisting of two curved mirrgradius
1 E o) of curvature 5 chpand two plane mirrors. The total cavity
b length was 48 cm. The focus positioned between the two

<

curved mirrors had a waist size of 2dm where the 1 cm
FIG. 6. Sketch illustrating the basic optical parts in the quantumlc?r.]g nonlinear potassium niobate _(KNg)pcrystal was po-
teleportation experiment. See the main text for a careful discussiorﬁ't,l(.)ned' The use of a-cut potassmm niobate allowed non-
critical temperature phase matching of a degenerate paramet-
ric process. To generate a pump for the OPO, the output from
the Ti:sapphire laser was frequency doubled in another ex-

signal when his LO is scanned, as confirmed in the figuréye a1 cavity also using potassium niobate as the nonlinear

However, it must be stressed that this effect is merely a Conﬁwedium[ZZ] In this way, 300 mW of pump light at 433 nm
sequence of the assumptions built into our model, and do%as genera’ied. '

not necessarily reflect the actual experiment. This being the | "« 5PO nonlinear down-conversion transformed en-

case, we shoulaot expect to see modulation on VICIOr's g 4 from the pump field at 433 nm into the parametric field
measured noise levels, and indeed, actual data that 866 nm. In the current application, the OPO was only
pre:seLnéln the f||<i]|ures 'r? ISec. I\E/ igodnm osc_:lllate V\_’gh ViC- griven below oscillation threshold, where spontaneous para-
tor's LO scan. Nevertheless, Eq4.3) does still provide a ot emission can produce a squeezed vacuum state. The

ngjgl I\:)v?Iz/sto quantify the effects of phase fluctuations in Ourparametric field was resonant in the OPO while the pump

. o . light from the frequency doubler was divided into two
As can be seen from Fig. S, Victor's signal increases by)eams, each of which was used in single pass of the OPO
about~0.2 dB for high values ofz. This turns out to imply crystal from a counterpropagating direction.
a significant reduction of the achieved fidelity. Fluctuations The OPO performance can be characterized once by
in the other locks also affect Victor’s signal, but to a Iesserspecifying the output coupler intensity transmissibnthe
extent. All these effec.ts will be elaborated upon at the end ogffective nonlinearityEy, , and the intracavity round-trip
Sec. IV C when we discuss our teleportation results. loss £. In the current experiment, the output coupler trans-
mission was fixed at =10% which was chosen to optimize
squeezing. The total information about the nonlinear interac-
tion can be captured in the single parameigy that de-

A more complete diagram of the experimental setup igpends on the focusing, length of the crystal, phase matching,
given in Fig. 6. A 10 W Verdi was used to pump a single-and crystal properties. It can operationally be defined as
frequency Ti:sapphire laser operating at 866 nm. This laseEy, = lePi, whereP, is the second harmonic power gen-
system provided about 1.6 W of IR light. About 80—85% of erated in single pass frequency doubling of a fundamental
this light was sent to an external frequency doubler to genpump P,;. In the current setup, we measurefy,
erate an efficient 433-nm pump source for the optical para=0.021 W1,
metric oscillator(OPO. Typically, about 300 mW of blue Contributing to the intracavity loss are nonideal antire-
light was produced that could be mode matched to the OP@ection coatings of the potassium niobate as well as leakage
using a triangular ring cavity. Furthermore, the pump wasfrom the three high-reflection coated cavity mirrors. This
divided into two beams, which allowed pumping the OPOpassive loss was measured to Bg=0.3%. Unfortunately
from two directions to produce two independent squeezeg@otassium niobate also suffers from an inherent loss mecha-
beams. A detailed description of this setup for generation ofism that adds to the passive los§28,24). This nonlinear
highly squeezed light can be found in REZ1]. About 10% |oss arises in the OPO in the presence of the blue pump beam
of the IR light from the Ti:sapphire laser was spatially fil- and has been termed blue-light-induced infrared absorption
tered in a mode-cleaning cavity and used downstream in th@BLIIRA). It is believed to originate from impurities in the
experiment for locking the OPO, as local oscillators in thecrystal and is found to vary substantially from crystal sample
homodyne detectors, for Bob’s displacement beam, and ag sample. At a high pump level of the OPO, BLIIRA turns
the input coherent state for the actual teleportation. Combineut to be the dominating loss mechanism and eventually be-
ing the two squeezed beams on a 50-50 beam splitter witbomes the limiting factor for the amount of squeezing ob-

I1l. GENERATION OF THE QUANTUM RESOURCE
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Typical measurements of the total intracavity losd<L, LO phase scan [s]
+ L) are shown in Fig. 7 as a function of the blue pump P

power. In this case, the OPO was only pumped along one g 9. Typical squeezing traces recorded by homodyne detec-
direction. We_ observe that the total loss increases up to aboyp while scanning the phase of the LO. The measurement fre-
2% at the highest pump level &f,=155 mW. quency was 1.475 MHz within a resolution bandwidth of 30 kHz
The OPO could also be operated as a phase-sensitive amhd with a video bandwidth of 300 Hz. The flat traces at 0 dB are
plifier as a way to test the classical performance of the dethe respective vacuum leveds{?, taken with a five trace average.
vice. For that purpose, an 866-nm beam was seeded into thso displayed are the flat traces that correspond to the minimum
OPO and by scanning the injection phase slowly, the amplinoise level attained, again with a five trace average. These traces
fication factor G was measured. When injecting the seedwere obtained by locking the LO phase to the squeezed quadrature
beam through the small transmission of a high-reflection mirand lead to estimates of the squeezing and antisqueezitg)of
ror and measuring the amplification of the light through the—3.73 dB and 6.9 dB with 42 mW pump power; afR) —3.73 dB

output coupler mirror, the gain is given by and 10.8 dB with 107 mW pump power. In both cases, the OPO was
pumped from a single direction. Victor’'s detection efficiency was
1 characterized by a homodyne visibilig/=0.972 and photodiode
G=——, (15 quantum efficiencyr=0.988.
(1= P,/P5y)?

whereP,, is the oscillation threshold of the OPO given by tween experiment and theory is apparently quite good, here
with no adjustable parameters.

_(T+ £)? 16

2t 4EN|_ ( )

B. Squeezing

Figure 8 shows measured values of the gain as a function of The phase-sensitive amplification in the OPO can be ex-
pump power for single-sided pump of the OPO as well as thgloited for generating squeezed states of light. In this case
theoretical curve based on the measured loss and nonlinedhe two input vacuum noise quadratures are amplified and
ity. The gain diverges as approaching threshold and frondleamplified, respectively, creating a squeezed vacuum state.
these data we estimate,=190 mW. The agreement be- Balanced homodyne detection allows phase-sensitive detec-
tion of the quantum noise of the squeezed state. With this
1 method, the signal field is overlapped with a strong coherent
120 local oscillator(LO) on a 50-50 beam splitter. The two out-
100 f put beams from the beam splitter are measured and the cor-
0 / responding photocurrents subtracted. In this way the weak
" / quantum noise of the signal is amplified to achieve a signal
0 / substantially above the thermal noise floor of the photo-
Ve diodes. The photodiodes used were a special part made by
i Hamamatsu with a measured quantum efficienacy 98.8

[t +2.0% [25].

20 40 60 80 100 120 140 160 i i i
Pump power [MW] Two typical squeezing traces at different pump levels are

presented in Fig. 9. They were obtained by recording Vic-
FIG. 8. Measured gairfpoints and corresponding theoretical tor’s noise power with the spectrum analyzer when scanning
curve based on the measured loss and nonlinearity. the phase of the LO. We observe the phase-sensitive noise

140

Gain G

20
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imperfections in servo control discussed in Sec.)ll B

o We note that the measured squeezing is lower than pre-

— dicted from the OPO parameters discussed above; indeed we

predict about 4.7 dB squeezing at high pump level. This

r_!/ discrepancy might be due to offset fluctuations in the OPO
lock as well as phase fluctuations between the local oscillator

and the squeezed beam in the homodyne detector. In favor of

such an explanation is the fact that the theory predicts the

antisqueezed quadrature better than the squeezing quadra-

ture, and the broad maximum from the antisqueeZsep

100 120 Fig. 9 is expected to be much less sensitive to phase fluc-

tuations than the narrow squeezing minimum.
FIG. 10. Measured squeezingliamond$ and antisqueezing The above data were taken when the OPO was only

(dots at a frequency offset of 1.475 MHz as a function of the opoPUMped from a single direction. In order to obtain two
pump power when pumping from only one direction. The curves aré®dueezed beams necessary to generate the EPR correlations,
the corresponding theoretical results for nonlineariy, ~ the OPO was pumped in two counterpropagating directions.
=0.019 W and measured cavity loss similar to that given in Fig. In this case, we expect lower squeezing than from a single-
7. The measured quantum efficiency wes 0.988, the homodyne pumped OPO due to increased BLIIRA. This reduction in
visibility £=0.990, and the propagation loss of the squeezed bearaqueezing was measured to range from less than 0.3 dB at
was 5.7%. total pump powers, below around 80 mW, to 0.5 dB at higher

. . o ) pump powers. To estimate the degree of squeezing in the
ywth the maximum and minimum corresponding to measUrgouble-pumped case, we take the degree of squeezing ob-
ing the antisqueezed and squeezed quadratures, respectiv@hined in Fig. 9 and correct for Victor's homodyne visibility
With the signal beam blocked, the vacuum-state leb§f  and finite detector thermal noise, to find that in the single-
was recorded, and squeezing corresponds to noise reductigimped case, we have 4.1 dB of available squeezing.
below this level. By locking the LO phase to the squeezedrhyus, we estimate that we have abou8.6 to —3.8 dB
guadrature, we obtained the flat traces be@&b), as shown  squeezing in the double-pumped case.
in Fig. 9. We infer squeezing of 3.73 dB below the vacuum
level and antisqueezing of 6.9 dB with pump power of 42 C. EPR correlations

mW. At the higher pump level showi07 mW), the degree -
of squeezing remained at 3.73 dB below the vacuum leve] 1€ EPR correlated beams were generated by combining

while the degree of antisqueezing increased to 10.8 dB. WO independently squeezed beams with the relative phase
In the actual teleportation experiment, the fidelity is ulti- S€TV0 locked to ber/2. These continuous variable EPR cor-

mately limited by the amount of squeezing available. How-Telations are of the type originally discussed by Einstein,
ever, as discussed in Sec. I B, in a nonperfect experimenf0doISky, and Rosefi6]. The two output beams 1 and 2

the amount of antisqueezing is also important. In that Secf_'rom the EPR beam splitter possess correlations as expressed

tion, we concluded that fluctuations in the servo locks will Py the variancesr(x;=xz) =20 and o(py*pz)=20=,
degrade the fidelity with contributions from the antisqueezedvhereéo . ando _ are the variances of the antisqueezed and
quadratures. For that reason, it is important to find the optiSqueezed quadratures of the two input beams, &g 1,
mum operation point of the OPO where the degree of-<1, ando.o_=1. Without squeezing, we obtain the
squeezing is large, while at the same point, the antisqueezingicuum noise level for two beamsbf”), where o(x,
has not grown too large. Such a compromise is made nece&-X2) = o(p1*p,) =2. We observe that; andx, are corre-
sary by the BLIIRA, which limits the degree of quantum lated, whilep, andp, are anticorrelated both to a level be-
noise reduction in a power-dependent fashion, while théow the vacuum noise level. This is the same kind of quan-
noise from the antisqueezed quadrature continues to grow.tum correlations which were recorded for the light from a
Figure 10 shows the variation of the measured squeezingondegenerate OP{26,27. While noise reduction below
and antisqueezing with the OPO pump power as well as ththe vacuum level is achieved when measuring correlations
corresponding theoretical curves based on the measured dxetween the two EPR beams, the noise from only one of the
perimental parameteftoss and nonlinearilyas discussed in EPR beams is phase independent and above the vacuum
the preceding section. The data have been corrected for thevel. Indeed, we find thaV(x, ) =V(pi ) =(o,+0o_)/2
thermal noise level of the detectors, which was 17 dB below=1, where unity is the vacuum level for a single beam
the vacuum noise level for an LO of 2 mW. The squeezing i D).
seen to level off at about 3.5 dB already at a pump of 45 Experimentally, the quality of the EPR state was investi-
mW while the antisqueezing increases with the pump. Thigated both by measuring one EPR beam as well as the cor-
indicates that in the teleportation experiment it would berelations between the two beams. The noise in a single beam
most favorable to operate at this relatively weak pump levelvas measured while scanning the EPR phése; between
of the OPO and that decreased teleportation fidelity might béhe two squeezed beams slowly compared to the scan rate of
expected when increasing the pump furtteg., due to mix-  the local oscillator in the homodyne detector. An example is
ing in of noise from the antisqueezed quadrature from theresented in Fig. 11. The rapid sweep of the local oscillator

ol

Noise power [dB]
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033802-8



QUANTUM TELEPORTATION OF LIGHT BEAMS PHYSICAL REVIEW A67, 033802 (2003

Tyl i /ﬁﬂ e |
6
) | | _ |
g il MO | g 1
» | oA T
(- OV | ISR 1 | WAL 1) ! g oty | i A ""l'hI an,.w ‘
I \q,(n"" - = 4 \(D(z)
2 o | s | WM '] v o
0.0 05 1.0 15 2.0 25 s i

0 100 200 600 700 800

LO phase scan [s] I%) phaggoscansf&s]
FIG. 11. Noise of one beam from the EPR beam splitter as  F|G. 12. Noise obtained by subtracting signals from two homo-
obtained by scanning the mutual phase difference between the twgyne detectors measuring the two EPR beams while scanning one

squeezed beams in addition to a rapid swéapout five times  of the LO phases. The recorded quantity wa®; —X,(6,)). The
fasteD of the LO in the homodyne detector. The flat curve repre-flat curve is the vacuum noise level for two beams.

sents the vacuum-state level for a single beam.

about 2 dB with respect to the vacuum level. However, these
ensured that both quadratures were measured for each ValHSta were taken in a nonoptimized situati@ng., inefficient

of fgpr and gives rise to the fast variations in the trace. ASOPO cavity alignmens the measured degree of squeezing at

explained above, the noise of a_single EPR beam i? expectqﬁat time was under-3 dB. In the actual teleportation ex-
to be phase mdepenglent and arises when o_verlappmg the tV\[.l)%riment, interbeam EPR correlations of more than 3 dB was
squeezed beams with a mutual phase differencéggiz obtained

= /2. Hence, this allows identification of this point in Fig. '

11, and we observe excess noise in this case about 5 dB

above the vacuum noise level. Furthermore, when the two IV. QUANTUM TELEPORTATION

squeezed beams are combined in phasgp¢=0), tWo  Given the preceding description of how to generate the
squeezed beams exit the beam splitter giving noise reductioppRr state, we will now move on to discuss the complete
in this case roughly 3 dB below vacuum noise. quantum teleportation protocol. First, the electronic servo

A direct measurement of the correlations between the twaocks implemented in the experiment are described, then the
EPR beams was obtained via balanced homodyne detectiggchnique to calibrate the channels used by Alice to send
of both EPR beams and subtracting the resulting photocurlassical information to Bob is presented. This establishes

rents from the two sets of balanced detectors. In these meghe basis for presenting the experimental results on quantum
surements, the EPR phase was lockedgiz= 7/2 and one  teleportation.

of the homodyne detectors was locked to measure a fixed

qguadrature. The trace in Fig. 12 was recorded by scanning _

the local oscillatorg, o of the second homodyne detector, A. Phase locking

thus recording the varianag(x; —x,(6,o)). Reduction be- In the complete quantum teleportation experiment, ten
low the vacuum level for two beamsbé)z)) was observed servo systems in total were implemented for locking optical
when the second homodyne detector measured the sarpbases and cavities. A summary of the locking techniques is
quadrature as the first homodyne detector, i.e.,6fgs=0.  given in Table I. Three of the servdsumbers 1-Bare for

We observe correlations of the amplitude quadratures olocking cavities and use the standard Pound-Drever-Hall

TABLE I. Summary of the servo systems that were implemented. See main text for further discussion.

No. Brief description Locking technique

1 Doubling cavity resonant to 866 nm Pound-Drever-Hall via reflection, 26 MHz

2 OPO cavity resonant to 866 nm Pound-Drever-Hall via transmission, 5 MHz
3 Mode-cleaning cavity resonant to 866 nm Pound-Drever-Hall via reflection, 26 MHz
4,5 Relative phase between blue pud3 nm Lock-in via 1% pickoff of cavity transmission

and injected beams 1 and(266 nm to zero
(maximum gain

6 Relative phase between two squeezed beamsXC interference fringe
/2 (to create EPR state
7,8 Alice’s LOs tox andp quadratures RF interference fringe, 3 MHz, 5 MHz—p
9 Bob’s coherent beam toquadrature RF interference fringe, 3 MHz
10 Victor’'s LO to eitherx or p quadratures RF interference fringe, 3 MHZ,5 MHz—p
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technique where reflection or transmission of rf modulationpresent experiment, the classical information is just the pho-
sidebands are used to derive an error signal. The frequencyecurrents from Alice’s two homodyne detectors. These sig-
doubling cavity was locked by observing the cavity reflec-nals have to be faithfully transmitted to Bob without distor-
tion dip off the input coupler, and generating an error signakion and with proper phase and gain, and for that reason
using rf sidebands at 26 MHz. The OPO cavity was lockedseveral rf amplifiers, filters and delay boxes were used in the
by observing a 1% pickoff from the transmitted light from a c|assical channel paths. In the following we will present a
weak coherent beam injected through a high reflector. Theyethod to perform the calibration of these classical channels.
injected signal carried 5 MHz sidebands for locking. Finally, \ye typically measured Alice and Victor’s noise levels at
the mode-cleaning cavity was locked in reflection using sidenl(zw): 1.475 MHz, thus the electronics of the channels
bands at 26 MHz. . were optimized at that frequency. The two most important
The remaining seven servos were used to keep the opticciors that influence the choice 6F are, first,Q must be
phases properly aligned for successful teleportafid8l.  gmg|| as compared to the OPO linewidtialf-width at half

Two weak injection beams were seeded into the two coung,aximum HWHM of 5.4 MHz because of the shape of the
terpropagating modes of the OPO and used for several pufe|i-known spectrum of squeezifigg]. However,Q must at

poses: to align the OPO cavity and the homodyne detectorg,e same time be large compared to our relevant experimen-
and to use for locking of optical phases. The two injectedy| getection bandwidths, as described later in this section. In
signals were phase modulated at 3 Mtitgection 1 and 5 ,qgition, the Ti:sapphire laser was close to being shot-noise

MHz (injection 2, respectively, using an electro-optical limited at our chosen frequency, but not fdd/(27)
modulator (EOM) in each signal path. The relative phase 1 pHz.

differences between the pump beams and the injected beams
were locked using standard lock-in techniques where the e
ror signal is derived from the phase-sensitive amplificatio

To ensure that we are operating at a ggir g,=1 such
that Bv= Bin, we compared the photocurrents measured by
Malice and Victor when there were no EPR beams present for
. the case of a coherent state of amplity8jg sent to Alice as

he situati h he directi £ the ph t th e input state. In practice, this was easily achieved by block-
to the situation where the direction of the phasor of the CO'mg the optical beam paths of the EPR state. In this case, it

herent injected field is along the long axis of the squeezing:an be shown that when an amplitude- or phase-modulated

ellipse of the squeezed vacuum beams. beam is sent to Alice as the input state, the ratio between the
The third phase lock, the EPR phase lock, keeps the twQ b X

. L ectral densities measured at Victor and Alice is given b
independent squeezed beams incident on the EPR bearﬁ 9 y

splitter with a phase difference af/2 to ensure the produc- D, 2
tion of the EPR state. This was done by using 1% leakages .22 a7
from mirrors in the EPR beam paths. The dc interference A &7

signal between the two injected beams from the two distinct
EPR paths was subtracted to produce an error signal centerédnere we have assumed Alice and Victor are measuring the
around zero. This zero crossing correspondsria phase Same quadraturéeither x or p) that|Biy|>>1 and that the
difference between the two squeezed beams. efficiencies are close to unity. We observe that Victor records
To lock the local oscillators in Alice’s two homodyne de- @ spectral densitfi.e., noise power of the rms photocurrent
tectors, the rf beat notes between the LO and the 3 and &vO times(corresponding to 3 dehigher than Alicex (or p).
MHz sidebands on the injected beams were demodulated tbhis factor of two can easily be understood since the input
produce the respective error signals for AlicIMHz) and ~ beam is split into two equal halves at Alice’s 50-50 beam
Il (5 MHz). As the EPR phase lock described above alreadgsplitter. Hence, this identifies a signature for the optimum
keeps the two injected beams af2 phase difference, the condition of the classical gain.
LOs in Alice | and Il will also stay atm/2 relative phase On the other hand, for vacuum input, the ratio between
difference. Bob's LO phase was locked using the rf interfer-Victor and Alice’s spectral densities, or equivalently, their
ence fringe at 3 MHz between itself and the modulation sidevariances since noWs;,|*=0, is found to be
bands transported with EPR2. This means that Alice | is

locked to the same quadrature as Bob, which by an arbitrary oy 2
i i ; ) —=1+—-—, (18
convention sets Alice | as and Alice Il asp. Thus, to com oA 22
2A

plete the classical information channel, measured output of
B s o en th lasical g s optimum This mears Victors vt
Thé teleported state then emerges from Bob’s beam splitté.Ut. Is ~ three times h|ghe_r _than_ Alice (or p) again N the
and is sent to Victor for verification. Victor's LO phase can |’m|t.where all detector efficiencies are close to unity.
be either scanned, or locked to eithér 3 or 5 MHz to check Figure 13 Sh.OWS the spectral dgnsﬁ%x((}) of photo-

' current fluctuations recorded at Alice from input beams

andp separately. with modulation amplitudes corresponding to 24.9 dB and O

dB (vacuum), respectively. The signal recorded at Alipe

mirrors this trace, except that the coherent amplitude is
A crucial part of the teleportation protocol is the transmis-shifted in phase byr/2, demonstrating that Alice andp are

sion of classical information from Alice to Bob. In the w/2 apart in phase, as required. The corresponding traces for

B. Classical information channels
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Our goal is quantum noise subtraction at our analysis fre-
quency, between the correlated beams ERRgasured at
Alice and sent to Bob via the classical chanipelsd EPR2 at
Bob’s beam splitter. Obviously, the best way to achieve this
goal is for the relative rf phases of EPR1 and EPR2 to be
zero for perfect subtraction. However, this is quite impracti-
cal in the current laboratory setup since EPR2 arrives at
Bob’s beam splitter directly from the EPR beam splitter,
while EPR1 takes a very indirect route involving electrical
photocurrents that travel much slower than light. It is suffi-
cient, therefore, to ensure that the relative phase difference is
a factor of 27 by implementing delays in the classical chan-
nels between Alice and Bob. In practice, we can also keep

modulation at 24.9 dB above the vacuum noise level. The measureLqi]iS by flipping the sign of Bob's optical phase-lock error
amplitude of this beam is 21.9 dB or 3 dB lower than the aCtualsignaI. In this way, Bobadds EPR1 and EPR2 instead of

input, as explained in the text. The measurement frequency w
1.475 MHz, resolution bandwidttRBW) 30 kHz, and video band-
width (VBW) 1 kHz.

the spectral densit$p,,()) for Victor's detector are shown
in Fig. 14. Here, we show explicitly the/2 phase shift when
Victor’s LO is phase locked to the and p quadratures, re-

spectively. We see that Victor records 3 dB higher spectraI
density for the amplitude-modulated input and 4.8 dB greate
for the vacuum input, which indicates that the gain of the
classical channels has been properly calibrated relative to ﬂ]

criteria of Eqs.(2) and (4).

We now turn our attention to the phases of the rf signals
keeping in mind the distinction between the phase of th%
optical carrier, and the phase of the rf signal at our measure

ment frequency, 1.475 MHz. We have already discussed o

tical phases in detail in Sec. IV A above, and indeed implic-

ity assumed correct optical phases in the discussion o
finding optimal gain. In discussing rf phase, we will continue

to assume that our optical phase-lock servos are working
correctly.
—_— ()
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FIG. 14. Spectral densityp,(2) relative to the vacuum level

recorded by Victor while scanning the phase of the input beam

®{Y is Victor's noise level for one unit of vacuum, whik®§®

3ubtracting them, thereby optically creatingraf phase shift

that compensates for thve phase delay in the classical chan-
nels.

Finally, Bob’s two modulators must provide pure phase
and amplitude modulation, respectively. This condition is
satisfied by carefully controlling the input beam polarizations
or the two temperature compensated EOMs. Typically, we
ind that the residual amplitude modulation in Bob’s phase
Modulator is at least 30 dB lower than the generated phase
modulation, and vice versa for the residual phase modulation
fi Bob's amplitude modulator. Any mixing of the and p
channels caused by impure amplitude or phase modulation is
likely to be negligible as compared to other sourcesxop)
ontamination, which will be discussed in the following sec-
ions(Secs. IV C and IV Dwhen we present our experimen-

Some care must be given to the maximum time delay
owed in our classical channels. This is set by the OPO
ewidth (HWHM) of 5.4 MHz, corresponding to a correla-
on time between EPR1 and EPR2 of about 30 ns if the full
bandwidth of the OPO were employed for teleportation. For
a more detailed discussion, see ReD)].

However, in our experiment, a much smaller effective
bandwidth is employed corresponding to the detection band-
width for Alice, the bandwidth of the classical channel from
Alice to Bob, and the frequency range of Bob’s modulators.
Finally, there is the bandwidth employed by Victor in his
verification of the protocol. For simplicity, here we assume
that the effective detection bandwidth of our protocol is
equal to the rf bandwidths of the spectrum analyzer em-
ployed by Victor in his analysis, typically around
=30 kHz(see figures in Sec. IV )CThe relevant issue is the
ratio between our analysis frequency,Q}/(2)
=1.475 MHz, andv. We see that this ratio is about 50

cycles. Thus, # of rf phase delay in our classical channels

2

lin

shows the two extra units making three total units of vacuum nois€ONtributes to a roughly 2% effect on the noise subtraction
measured in an attempt to recreate Alice’s vacuum state input withduality, which is small but not negligible.

out any entanglemen®{? and®{P show the recreation of Alice’s

When the gain and rf phase of the classical channels as

input coherent modulation amplitude of 24.9 dB, demonstrating tha¥Vell as the optical phases at Alice’s and Bob’s detectors were

the peak input and output amplitudes are equal, andxtaad p
quadratures are indeed/2 apart in phase. Victor's LO was phase

suitably optimized, Victor recorded a stable output while the
phase of the unknown input state was being scanned, inde-

locked to thex andp quadratures, respectively, for these measurependent of the input state amplitude and phase over a wide

ments.

range, as discussed below. In the case of vacuum input, we
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phase of the input beam scanning. Traagis Victor's shot-noise

FIG. 15. Measured spectral densily,(Q) from Victor's bal- Ieyel, trace(b) marks the thre_e units of vacuum noise measured
anced homodyne detector as a function of gain for differenivithout entanglement, trade) is one quadrature of the teleported
amplitude-modulated coherent states and comparison with theor§utPut coherent state, and tra@d is the teleported output vacuum
The parameters for the theoretical curves were the measured viState (see text for details For trace(c), Victor's LO was phase
ibilities: &,=0.985, &,= &;=0.994, £,=0.985, &= 0.985, and the locked to thex quadrature, while for traces), (b), and(d), Victor’s
detector quantum efficiency was=0.988. The measurement fre- O Was freely scanned, and a ten trace average was used. The
quency was 1.475 MHz2,,, corresponds to the actual power of the avérage OPO pump power was 34 mW per beam, measurement
input state presented to Alice, in decibels above the vacuum statdredquency 1.475 MHz, RBW 30 kHz, and VBW 1 kHz.

obtain the flat trace at 4.8 dBrace®{?) in Fig. 14. The @&t 1.475 MHz and at pump power of 33-35 mW in the OPO
trace remained stable for tens of minutes with fluctuations of@ths 1 and 2, respectively. The amplitude of the input state
the order of+0.1 dB. was about 25.5 dB higher than the vacuum level. T aces
It was not a trivial task to realize the balance of the twoOne unit of the vacuum noise, that is, the vacuum-state level
classical channels due to above-mentioned reasons. Oé shot-noise levelSNL) of Victor, which is obtained by
practical way that we employed to optimize the system andPlocking Bob’s beam. Tracgb) marks the three units of
to judge the effectiveness of the two classical channels wagacuum noise in the case of absent EPR beams but with
to send rf modulated optical fields at 1.475 MHz through theAlice and Bob engaged nonetheless in the teleportation pro-
two injection ports of the OPO cavity. These modulated op+ocol, which is 4.8 dB above the SNL with our efficiencies
tical signals were allowed to propagate to Alice and Bob, justlose to 1 and is obtained by blocking the blue pumps in the
as the EPR beams would in the presence of blue pump. Wexperiment. Tracéc) shows the phase-sensitive noise when
could then easily optimize the subtraction of the two classithe EPR beams and the amplitude-modulated sidebands on
cal fields at Bob’s 99-1 beam splitter. In terms of the condi-the input state are present, while Victor’s LO is phase locked
tions stated above, thislassical noisesubtraction directly to thex quadrature. Locking Victor’s LO to thp quadrature
mimics thequantum noissubtraction that we perform using produces an analogous trace with the peaks offset/yin
the entangled EPR state during quantum teleportation, whichhase. Closer inspection of traces such(@sin Fig. 16
means that if we obtain good classical subtraction, we shouldhows that the minimum noise level 461.1 dB below the
in fact be operating at the optimal conditions for quantumlevel of three units of the vacuum, although it is rather dif-
teleportation. Typically, the subtraction was about 25 dB forficult to get an accurate reading because of the mismatch of
each channel. scan rate and detection bandwidths. This noise level corre-
In order to check the linearity and dynamical range for thesponds to 2.3 vacuum units. The peak of the trace should
classical channels, we measured Victor’s output noise levelsave the same amount of noise reduction, that is, from 354.8
as a function of gain for input modulation sidebands of vari-to 354.1 vacuum unitérom 25.50 dB to 25.49 dB but this
ous amplitudes when the two classical channels were bateduction is too small to observe in the graph. Tradg
anced. Figure 15 shows the results for input beams with theorresponds to the vacuum input state, which is obtained by
following modulation amplitudes: 0 dBvacuum, 7.0 dB,  blocking the modulated input beam. Acquisition parameters
14.8 dB, and 24.8 dB, where in each case the full @  are resolution bandwidth 30 kHz, video bandwidth 1 kHz,
phase variation was explored. It shows that the linearity isand sweep time 200 ms.
very good from 0 dB to 25 dB input modulation amplitudes, The best noise reduction that we have obtained to date is
which means we can teleport any coherent-state amplitudehown in detail in Fig. 17. With the EPR beams present, the
within that range. The theoretical traces on the figure areariances recorded by Victor awg\,=o{=3.54+0.19 dB,
based on our measured efficiencies without any adjustablghile with the EPR beams absentg=cf=4.86

parameters. +0.12 dB. The entanglement of the EPR beams thus leads

to a quantum noise reduction of 1:89.16 dB. This result

was obtained with 40 mW pump power in each OPO path.
Figure 16 shows quantum teleportation results for a coThe measurement parameters are the same as that in Fig. 16

herent input state. All traces are Victor’'s measured varianceexcept that the sweep time was 640 ms and we use a ten

C. Teleportation results
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to continue to decrease, or at least remain stable.
\ ! The main reason for this degradation in Victor’s variances
(oy) at high pump powers is the performance of the various
: locking servos. As discussed in Sec. Il B, fluctuations around

E ! the nominal ideal setting&®.g., /2 for the squeezed beams
§ 8 ! ,@l ' that form thg EPR beamsllows excess noise to contami-
a nate the “quiet” quadratures, an effect that becomes more
% 2 important as the degree of squeezing is increased. To illus-
2 —

1 trate this effect, we first assume th’dtﬂi2=4° in Egs.(13),

[Victor's SNL| as is typical for the measured rms noise in each of the rel-

0 evant phase locks. We then find that the variguscould
| ; ; . ; , , account for offsets iy of ~0.1 dB with 6 dB antisqueez-
0 100 200 300 400 500 600 ing, and~0.2 dB with 9 dB antisqueezing. Thus, although
Victor LO phase [ms] this effect is larger for higher pump powers, the model de-

FIG. 17. Noise recorded by Victor showing in detail the reduc- scribeq in Sec. ”. B (?annot fully account for thg .trend.in Fig.
tion in the noise level with EPR beanigntanglementpresent. 18. This conclusion is, howe\{er-, not too surprising, ;mce we
With EPR beams, the measured variance at Victor whs of, ~ acknowledge that our model is incomplete. One obvious rea-
=3.54+0.19 dB. The average OPO pump power was 40 mW peSON is that the noise properties of the phase locks are, in
beam, and acquisition parameters are the same as in Fig. 16. Ageneral, not statistically independent—a more complete
traces use a ten trace average. SNL stands for shot-noise level. model would necessarily involve correlations between the

different phase-lock errors.
trace average for all traces. For this particular trace, the mea- We will speculate on other other possible reasons for deg-
sured detection efficiencies were characterized &y radation in the performance of the teleportation procedure in
=0.986¢,=§3=0.990§,=0.980§5=0.975, andap,=an, the following section when we discuss the teleportation fi-
= ay=0.988+0.020. The uncertainties for the measurementelity.
of £,_ 5 are about 0.2% for each visibilify19].

A study of the dependence of the output variance on OPO D. Teleportation fidelity
pump power yields further insight into the experiment. Fig- i i
ure 18 shows the variances of Alice and Victor as functions From the measured variances reported in Sec. IVC
of pump power. From the squeezing results in Fig. 10, wetbove, we can gauge the quality of the protocol by inferring
can see that as the pump increases, both the squeezing dh@ fidelity F via Egs.(2) and (4). We first assume that the
antisqueezing increase, even though the squeezing increadedse in the teleported output staig,, obeys Gaussian sta-
very slowly. Therefore, the entanglement becomes strongdistics [7,9]. From the data in Fig. 17, whekg|= o{,=3.54
with increasing pump power. This phenomenon is reflected: 0.19 dB, and where the gaig has already been set to
in the data shown in Fig. 18 at pump powers below 30 mWunity by the techniques described in Sec. IV B, direct appli-
where Alice’s variance increases with pump power, whereagation of Eq.(2) givesF=0.61+0.02.

Victor’s variance drops below 4.8 dB, as predicted. The best Note that no correction whatsoever has been applied to
noise reduction for Victor was around 30 mW of blue pumpthis result; it corresponds to the fidelity obtained directly
for this particular set of data. Higher pump power did notfrom victor’'s photocurrent. We can certainly attempt to infer
help to reduce the noise; it instead increased both Alice’s anghe figelity associated with the field emerging from Bob’s
Victor's variances even though we expect Victor's variancepeam splitter, rather than the photocurrent detected by Victor.

, To do so, we return to the issue pointed out earlier that we
54\ calibrate g, , by ensuring By=Bj, as opposed 0B,

4

3 = Bin . From the discussion in Sec. Il A, we see that if Victor
J.\‘ -

Victor had unit detection efficiencyé(= ny=1), this issue would
3 not arise at all. In our experiment wherg&&1,7,<1), the
) actual unnormalized gairgy o) were set to be too large by a
H factor (£57,) ~ ! than that neccessary for optimal reconstruc-
P = Alice tion of Bob’s field, instead of Victor's photocurrent. We can
use Eq.(4) to compare Victor's variances wher¥s= 7y
=1) and ¢s<1,7y<1) with the same degree of squeezing
as in Fig. 17. We thus infer that if Victor had perfect detec-
80 tors, the variance of Bob’s teleported output fiebtd equiva-
lently now, Victor’s variance as measured by his photocur-
FIG. 18. Noise measured by Alice and Victor as functions of thef€nd is given by (T\(/)\;'p): Ug/x'p):?’-‘w dB above the shot-
pump of the OPO. The data points have been connected to eas®ise level, which corresponds to an inferred fidelityFgf
viewing. =0.62.

Noise power [dB]

40
Pump power [mW]
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ties start to decrease rather than increase with the pump
/ level.
0.65 T a4 There are several factors contributing to the discrepancy
A between the measured and predicted variances and fidelities.
0.60 f/ T The first is phase fluctuations from different locking systems,
/ /t\ especially the EPR phase lock. As discussed in Sec. Il B,
0.55 o ) \lL phase fluctuations add extra noise to the quadratures, and this
/ effect is more pronounced at higher pump powers, where the
0.50 antisqueezed quadrature is large. Another factor is the band-
. width of our two classical channels, which by bad design on
0 10 50 60 our part, has been found to have excessive phase variation
over the relevant rf bandwidth for the undistorted transmis-
FIG. 19. Fidelity as a function of the OPO pump. Dots are thesion of classical information. In fact, by an aforementioned
experimentally measured fidelities, squares are the expected fidetiechnique, we measured the actual subtraction of the rf signal
ties given the measured degrees of squeezing shown in Fig. 10, ard 1.475 MHz through the classical channels and EPR2. It
triangles are the expected fidelities based on our theoretically prayas found that frequency offsets of about 5 kHz led to drops
dicted degrees of squeezing in Fig. 10. Again, the lines connectingn the cancellation from-25 dB to — 20 dB. When the off-
the data points are to ease viewing. set was 20 kHz, the cancellation is onty9 dB. Increasing
the bandwidth while keeping relatively high isolation for the

Returning to fidelity referenced to Victor's photocurrent, filter for various control signalge.g., modulations at 3 and 5
we estimate that with 42 mW pump power in each OPO pathMHZ) in the classical channels will be helpful. A third reason
where we have measured3.73 dB squeezing and 6.9 dB for the discrepancy in Victor’s variances is the imperfect
antisqueezing at Victdisee Fig. 9, the EPR entanglement at character of Bob’s EOMs, which cause coupling between the

the EPR beam splitter is characterized by the factors: x and p quadratures, again resulting in contamination be-
— 397 dBand* =7.0 dB. These numbers were Obtainedtween squeezing and antisqueezing. In order to reach higher

by back propagating the squeezed beams to the EPR be f|de_l|ty, we are working to improve these aspects of the ex-
. , S riment.

splitter from Victor’'s homodyne detectors, considering the

effects of Victor's homodyne efficiencgs=0.972, photodi-

ode quantum efficiencw,=0.988 and the EPR homodyne

efficiency £epr=0.985. With measured efficiencieg; We have described the details of recent experimental
=0.985,§,=£3=0.990,£,=0.980, andis=0.975, the pre-  work to perform quantum teleportation for continuous vari-
dicted variance of the teleported output state emerging fromables. We have discussed a real experimental system where
Bob’s beam splitter isr{y) = o{))=2.82 dB. The inferred fi- we considered many of the prevalent loss sources in our
delity would then be=p=0.69. experiment, thus providing a detailed analysis of how the
By contrast, our best entanglement-assisted noise redugariances measured at Alice and Victor during teleportation
tion measured by Victor's balanced detector is 1.32 dB bewvary with squeezing and ultimately OPO pump power. Phase
low the level with no EPR beams, which corresponds tdfluctuations due to imperfect locking systems were also dis-
o{¥=0{P=3.54 dB and an inferred fidelitf =0.61, as has cussed, and it has been shown that nonideal detection
been discussed. schemes as well as phase fluctuations eventually degrade the
To gain more insight into this discrepancy, we performednoise reduction recorded by Victor and consequently reduce
an analogous study to that shown in Fig. 18, where we plothe teleportation fidelity.
the inferred fidelities from the measured variances versus We have discussed how to prepare experimentally the en-
pump power in Fig. 19. The inferred experimental fidelitiestangled EPR beams. Our entangled EPR fields at the EPR
peak at around 30 mW corresponding to the minimum inbeam splitter were typically characterized by =—4 dB
Victor’s measured variance. Here we also show the values aindo* =7 dB according to our measured squeezing and ef-
F that we might be able to reach with the current apparatudiciencies, which implies that our measured prospective fi-
First of all, the square symbols in Fig. 19 derive from thedelity would be 0.69.
inferred degrees of squeezing at the EPR beam splitter that The experimental setup and procedure was described in
are deduced from the data in Fig. 10. This was done from thdetail, including the OPO, the source of the entangled EPR
measurement results by back propagating the squeezdiélds. We have discussed optical phase-lock servo systems
beams from Victor's homodyne detector to the EPR beanthat ensure that Alice is able to correctly measure the two
splitter as previously described. In addition, the triangles inorthogonal quadraturess and p. Last, we have also de-
Fig. 19 correspond to the inferred fidelities from the theoreti-scribed our classical channels, through which classical infor-
cally predicted degrees of squeezing given by the solid linenation in the form of photocurrents obtained by Alice can be
in Fig. 10. It can be seen that the disagreement between trsent to Bob with the goals of minimal distortion and proper
predicted and measured fidelities is already apparent at lophase and gain in order to be sure that Bob can use that
pump powers. However, the mismatch becomes more pranformation to recover the original input state. The telepor-
nounced at higher pump powers where the measured fideltation procedure was investigated for arbitrary unknown co-

0.70

Fidelity

20 30 40
Pump power [mW]

V. CONCLUSION

033802-14



QUANTUM TELEPORTATION OF LIGHT BEAMS PHYSICAL REVIEW A67, 033802 (2003

herent states with any phase and a wide range of amplitudegump powers. Possible reasons for this contamination in-

The experiment clearly revealed the quantum duties thatlude fluctuations in the phase-lock servos, limited classical
limit the classical performance of such a teleportation sysehannel bandwidth and impure amplitude and phase modu-
tem. Victor unavoidably measures two extra units of vacuumators at Bob’s station.
noise if there is no entanglement. By employing the en- It is encouraging to note that our high detection efficien-
tangled fields of the EPR state, we demonstrated that theies, together with the relatively high degree of entanglement
guduties were suppressed byl.32+0.16 dB, which corre- that we have achieved shows that our apparatus is capable of
sponds to an inferred fidelity d¥=0.61*0.02 for coherent producing higher fidelity between the input and output states.
states, which when corrected for the efficiency of detectiorin addition, a new scheme with the OPO pumped only by a
by Victor, gives a fidelity of 0.62. The apparatus was shownsingle unidirectional blue beam to form the EPR state is
to succeed for arbitrary coherent states with amplitudes up tbeing planned. We could then hope to obtain ovér dB of
25 dB above the vacuum level. This demonstrates that witlentanglement by mitigating high BLIIRA, and thus reducing
entanglement, the procedure exhibits better performance thahe intracavity losses in the OPO. Such capabilities would be
the classical bound of fidelit{F =0.50[9,10], and hence is of interest to quantum information processing with continu-
genuinely a quantum protocol for unconditional teleporta-ous quantum variablg®9].
tion.

We discussed Alice and Victor's measured variances as
functions of OPO pump power. The data in Fig. 18 showed
that at low pump powers, Alice’s measured variawngein- The contributions of J. Buck and A. Furusawa are grate-
creased and Victor's measured variangg decreased with  fully acknowledged. This research was funded by the Na-
pump power, as expected. However, at higher pump powersonal Science Foundation, by the Office of Naval Research,
(above ~30 mW), while o, continued to increase with by the Caltech MURI on Quantum Networks administered
pump as expecteds, did not continue to decrease, but be- by the Office of Army Research, and by the NSF sponsored
gan increasing instead. This implied that the antisqueezin{nstitute for Quantum Information. T.C.Z. was partially sup-
quadrature contaminates the squeezed quadrature at higbrted by the TRAPOYT of MOE, P. R. C.
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