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We present a protocol for performing entanglement swapping with intense pulsed beams. In a first step, the
generation of amplitude correlations between two systems that have never interacted directly is demonstrated.
This is verified in direct detection with electronic modulation of the detected photocurrents. The measured
correlations are better than expected from a classical reconstruction scheme. In an entanglement swapping
process, a four-partite entangled state is generated. We prove experimentally that the amplitudes of the four
optical modes are quantum correlated 3 dB below shot noise, which is consistent with the presence of genuine
four-party entanglement.
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I. INTRODUCTION a single photon in two different locatiorifSme bing [7]. In
all these experiments, discrete quantum variables were tele-
Entanglement is the basic resource for quantum informaported.

tion applications. We are dealing with intense, pulsed light For continuous variables, such as the amplitude and the
which is described by continuous quantum variables andPhase quadratures of an electromagnetic field, which are
which allows for efficient detection schemes and reliableused in this paper, only the quantum teleportation of coherent
sources. The generation of entang|ement shared by two pgﬁtates has been demonstrated so far. The first eXperlment was
ties is now achieved routinely in the laboratories, e.g., enf€Ported by Furusavet al.[2] and was based on a proposal
tanglement of the quadrature components of an electromaé’é’ Braunstein and Kimblg8]. The advantage of this experi-
netic field. These two party entangled states may enhance t! ent is that uncondltlonal teleportation was demonstrated,
capability of the two parties to communicate. There are aI—'He" no pors]tseleclt]on fofhsucclessful events Wr?s fr:je(i‘_ess_ary.
ready several experimental realizations of quantum informal-. owever, the quality of the teleportation, i.e., the fidelity Is
tion and quantum communication protocols over continuousIrnlted by the quall|ty of the'correlat|c_>ns of the _au>§|l|ary

entangled beam pair. In that first experiment, the fidelity was
M.58. Recently, there have been reports on further improve-

dens'e' coding1] and quantum 'Fele'portatic[ri]. ments in teleportation experiments of coherent states, with
Initially, quantum communication dealt almost exclu- fijelities of 0.62[9] and 0.64[10].

sively with discrete two-valued quantum variables. The first g far, no entanglement swapping with continuous vari-
demonstration of teleportation, i.e., the transfer of a quantungpjes has been reported. However, entanglement swapping is
state from one party to another was reported by BouwWinteresting for several reasons: First, among all quantum
meesteret al. [3]. The scheme was close to the theoreticalstates of the light field coherent states are closest to classical
proposal by Bennettt al. [4]. In the experiment, the polar- states, while entanglement swapping refers to the teleporta-
ization state of a single photon was teleported using a pair afon of a highly nonclassical state. Second, the success of
polarization entangled photons. However, the experimenéntanglement swapping can be checked easily by verifying
was not an unconditional teleportation, as only one of thehe correlations generated in the entanglement swapping pro-
four possible results of the Bell-state measurement can beess. In general, for more complex applications towards
discriminated against the others. As a next step, quantumuantum networking, it is desirable to achieve entanglement
entanglement swapping, i.e., the teleportation of entangleswapping combined with entanglement purificatidm], as it
ment, was demonstrated experimentally by Farml. [5]. enables the distribution of entanglement and nonclassical
More recently, unconditional teleportation of an unknowncorrelations over large distances between systems that have
polarization state was demonstrated by Kétal. [6], em-  never interacted directly.
ploying nonlinear interactions to discriminate the entire set Multipartite entanglement, the entanglement shared by
of Bell states, however, at low efficiency. These initial ex-more than two parties, is also a useful resource for quantum
periments relied upon the polarization of a single photon tanetworking. For example, the distribution of quantum infor-
encode the qubit. Recently, long distance teleportation wasation to several receivers, called teleclonjig] or quan-
demonstrated by encoding the qubit into the superposition afum secret sharin§i13] are based on multiparty entangled
states.
In this paper, we present our work towards entanglement
*Electronic address: gloeckl@kerr.physik.uni-erlangen.de swapping using intense beams. We present a possible en-
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described by 6Xs+ 5Xg) and (55— 6Ys), where X and

Intense amplitude ~ . . .
squeezed beam 1 S8Y denote the fluctuations in the amplitude and the phase
EPRsourcel Lo, quadrature. The quadrature E:onjponAe{litéj of theAeIecAtro-
. EPRi ouT magnetic field are defined by=a'+a andY=i(a'—a).
Intense amplitude > »D D1 . . . . .
squeezed beam 2 R The sum and difference variances can be obtained in direct
R detection without local oscillator techniques, provided the
measurement is performed on intense bedbis-17. In a
intense ampifude o be feleporte next step, the fluctuating results of the photon number mea-
'squeezed beam A~ A~
or | I surements on mode5 and modé6; and ng, are detected.
souree e M’d ] Taking simultaneously, the sum and the difference of the
y 50/50 BS 000 . .0 ~ ~
LT,‘ﬁS:‘;Z"L‘ZZ“m“i W D5 corresponding photocurrents, that i8hs+ éng and ons
= B e varabe — 8ng, signals are obtained which are proportional to the
 / gain g sum and difference of quadratures mentioned above. The
ouT2 H H H
> AM— PV D D2 corresponding photocurrents which are transmitted over the

teleported beam classical channel to the modulators are denotedghy=i5

, . , +i6 andig,=i15—16, respectively.

FIG. 1. Schematic drawing of the entanglement swapping ex- An optimum gaing for the modulation can be chosen

periment. . .
such that after the entanglement swapping process the high-

est possible correlations between the output beams OUTL1

tanglement swapping scheme and describe and characterizgq ouTt2 are generated. The gajrdescribes to what de-

our entangleme_nt sources. For entanglement swapping, t"‘fj)ree initial fluctuations of one beam are transferred onto an
independent Einstein-Podolsky-Ros¢BPR sources are o 1hut mode after detection of the initial mode and subse-

needed which are then made to interfere. By a direct analysi&uent modulation of the output mode with that signal. In the
qf the detected photocurrents, we prove that strong correIaCase of infinite input squeezing=1 is optimal, while for
tions are created between the amplitude quadratures in the. squeezing values aj<1 are better. The value af
entanglement swapping process. This experiment is a firsfjq, depends on the degree of excess noise in the anti-

step towards the teleportation of a highly nonclassical Statesqueezed quadrature, i.e., the optimum valuegfes differ-
We also show that with the same basic resource, i.e., th(i e

X ; nt for nonminimum uncertainty squeezed states and for
coupling of two entanglement sources, a highly correlatedininm uncertainty states. The optimum value ddras to

fqur—party st.ate is generated. A preliminary thepretical analybe chosen closer to 1 where the more excess phase noise is
sis, neglecting the excess thermal phase noise in the EPR.cant.

sources and hence _as_suming them _to be pure, indicates t at|; was showr{ 18] that for any finitely squeezed minimum
the generated state is indeed a genuinely four-party enta”gl%certainty vacuum states, EPR correlations between the
state. output modes OUT1 and OUT2 can always be generated
independent of the degree of input squeezing using an opti-
Il. ENTANGLEMENT SWAPPING PROTOCOL mized gain. This also holds true for intense squeezed beams
that we employ in our experiment. However, for states with
The scheme for entanglement swapping is outlined in Fighigh excess noise in the phase quadrature, say about 20 dB
1. Two pairs of quadrature entangled beams denoted by EPRE in our experiment, the optimum gain is closegte 1.
and EPRII are generated by linear interference of two ampliHence, there is a 3 dB penalty in the correlations created
tude squeezed beams. Initially, the beam pair labeled EPRdetween the output states. Therefore, in this case, the genera-
and EPR2 and the one labeled EPR3 and EPR4 are twgon of nonclassical EPR correlations in the entanglement
independent entangled pairs. The experiment aims at achie¥wapping process requires more than 3 dB initial squeezing.
ing entanglement between the beams 1 and 4. This requires
the teleportation of beam EPR2 to the output mode EPR4
and is referred to as entanglement swapping. For that pur- 1ll. EXPERIMENTAL SETUP AND MEASUREMENT
pose, one beam from each entanglement source, i.e., EPR RESULTS
beam 2 and EPR beam 3 are combined at a 50:50 beam
splitter with phasee; adjusted such that the two output
beams are equally intengEig. 1). The resulting beams are The intense squeezed beams are generated using an asym-

A. Entanglement source

denoted by mode5 and mode6. metric fiber Sagnac interferometer, exploiting the Kerr non-
The Bell-state measurement is completed by the joint delinearity. The setup is depicted in Fig. 2.
tection of mode5 and mode@ee Fig. 1 The signals ob- In the asymmetric fiber Sagnac interferometer, two coun-

tained from that measurement are used to modulate the arterpropagating pulses, one strong pulse and one weak pulse,
plitude and the phase of EPR4 to yield OUdtput bearh  are coupled into a polarization maintaining fiber. Due to the
which in the ideal case should now be a copy of the mode&err nonlinearity, the strong pulse acquires an intensity de-
EPR2 and show strong nonclassical correlations with EPRIgendent phase shift, while the weak pulse is largely unaf-
now called OUT1. The signals needed for the modulation aréected by nonlinear effects. Thus, the initially circular shaped

012319-2



EXPERIMENT TOWARDS CONTINUOUS-VARIABIEE . . . PHYSICAL REVIEW A 68, 012319 (2003

EPR
source |

fiber

loop EPR2

To spectrum
] = analyzer
) M2 G .
beam splitter 90/10 [ =
- EPR EPR3

source |l

Mode6
K )
A2 .
pes o i I =
= <{ EPR4
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FIG. 2. Generation of squeezing using an asymmetric fiber ~ L
Sagnac interferometei/2—half-wave plate, G—gradient index Vstq( OX) + V(oY) <2. (©)]
lens, PBS—ypolarizing beam splitter, PZ—piezo actuator. Two inde-
pendently squeezed modes are generated as the light propagates on ) . .
both optical axes of the optical fiber. The gray shaded area shows B+ Towards entanglement swapping—direct analysis of the
the interference of both amplitude squeezed fields to generate en- photocurrent
tanglement. In this section, we describe a scheme that permits us to

check for correlations in the amplitude quadrature created by
uncertainty area in phase space is transformed into an ellipsthe entanglement swapping process by direct analysis of the
By interference with the weak pulse, the uncertainty ellipsephotocurrents. The signal from the Bell measuremgpt,
is reoriented in phase space, resulting in direct detectablghat will be used for the modulation is a classical signal. If
amplitude squeezingl9]. Choosing an input polarization of the emerging entangled pair, OUT1 and OUT2, were to be
about 45° with respect to the optical axes of the fiber, twoused as a quantum resource, the signal from the Bell-state
independently squeezed beamsnd inp polarization can  measurement has to be used to modulate the optical mode
be generated simultaneoudl®0,21. In the following, this EPR4(see Fig. 1. However, if the mode OUT2 is just de-
interferometer is referred to as a double squeezer. tected to verify the success of entanglement swapping,

Quadrature entanglement is generated by linear interfermodulation of EPR4 can be substituted by direct summation
ence of two amplitude squeezed fields with proper phasef the photocurrents. Thus, the measured photocurrents are
relation [16,21]. Due to the birefringence of the fiber, the identical in the case of optical modulation of EPR4 and de-
relative delay of the pulses has to be compensated befotecting OUT2 and in the case of measuring EPR4 and adding
they are combined on a 50:50 beam splitter to generate efhe photocurrenty,,, giving i4+ig., (see Fig. 3 In this
tanglement(see the shaded region in Fig. Zhe EPR en-  context, we performed the following experiment towards en-
tanglement is maximized when the interference phase is suanglement swapping as it is depicted in Fig. 3.
that the two output beams have equal optical power. An ac- Two entanglement sources were setup, each consisted of a
tive feedback control to stabilize the interference phase iglouble squeezer and a subsequent interferometer to generate
used. entanglement. In each squeez&rm of polarization main-

The entanglement is characterized in terms of the nontaining fiber(FS-PM-7811 from 3Mwas used, the splitting
separability criterion for two-mode Gaussian stdt2,23.  ratio of the asymmetric beam splitter was 90:10. The laser
The nonseparability criterion can be expressed in terms ofource used in the experiment is a commercially available
observable quantities, the so-called squeezing varidi2dés OPO (OPAL from Spectra Physigspumped by a mode

. . locked Ti:sapphire lasefTsunami from Spectra Physjcdt
V(%)= V(6X;=g6X;) D produces pulses of 100 fs at a center wavelength of 1530 nm
s V(SX; coh+955<j con) ' and a repetition rate of 82 MHz. Squeezing was prodpce_d at
’ ' an output pulse energy of about 27 pJ for each polarization.
Each squeezer produced more than 3 dB amplitude

V(57 - V(8Y;7g6Y)) @ squeezed light in each polarization. This results in squeezing
V(5Y, ot g5YJ coh) variances of 3 dB for both entanglement sourse Fig. 4.

The degree of correlations was measured for the amplitude
quadrature, but due to the symmetry of the generation pro-
WhereV(A) (A2)—(A)? denotes the variance of an opera- cess, the squeezing variancég(5X) and Vg (V) for the
tor A andi#j andg is a variable gain. The quadrature com- amplitude and phase quadrature should be the same. The
ponents labeled with index “coh” are those of a coherentpeaks in the noise measurement of the entanglement source
state. The nonseparability criterion then re§2i4] Il are due to instabilities of the laser power. The correspond-
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ing shot-noise levels were obtained by measuring the nois®Hz with a resolution bandwith of 300 kHz. The measure-
power when the detectors were illuminated with coherenients were averaged with a video bandwith of 30 Hz, the
light of the same classical field amplitude as that of themeasurement time for each trace was 10 s.

squeezed states. This calibration was checked before the ex- |n the experiment, we examined the correlations between
periment by comparing the measured noise level of a cohethe two output modes EPR1 and EPR4. The various noise
ent beam with the shot noise level determined by the differjevels are compared with the corresponding shot-noise levels
ence signal of a balanced detection setup. In the followingang the noise levels of the individual beams. First, the noise
none of the measured noise traces was corrected for the elggye| of the sum signal of beams EPR1 and EPR4 was mea-

tronic noise which was at 87.8 dBm. _ sured and compared with the noise power of the individual
The next step is the interference between the two mdeperbeamS i 6. the variancesidf andi4 andil+i4 were mea-

dr-_jr)tly generated EPR peams 2 and 3. The interference ISs%red, not yet taking into account the result from the Bell-
critical part of the experiment, since a good spectral, tempoétate measuremerig.., . This corresponds to the case of the
ral, and spatial overlap of the interfering modes is required ell - P

Therefore, it is important that the beams have propagate Il entanglement swapping protocol with respect to the am-

through the same fiber length. Moreover, both squeezerg”wde quadrature only without transmission of the classical

were prepared with fiber pieces from the same coil. Still, thdnformation from the Bell-state measurement.

fiber pieces are not identical, therefore the pulses from the There are no correlations between the two modes EPR1

different squeezers acquire different phase noise, whicRnd EPR4, i.e.,

might be due to different contributions from guided acoustic A - N -

wave Brillouin scattering in different fiber pieces. Neverthe- V(Xeprit Xeprd) = V(Xepr1) + V(Xepra) 4

less, it was possible to achieve a visibility of up to 85% and

to stabilize the interference phase between EPR2 and EPRS,

so that the two output modes are equally intense. This igvhich can be seen on the left side of Fig. 5, and which is

worth noting, as we have achieved interference between twobvious as the two entanglement sources are independent.

modes of independently generated entangled systems. The noise power of beams EPR1 and EPR2 shows that
Four photodetectors were placed in the four output modesach single beam is very noisy. This indicates that the

of the setup, i.e., EPR1, EPR4, mode5, and mode6. Each sfjueezer does not generate minimum uncertainty states, but

the detectors used a high efficiency InGaAs photodiége-  states which acquire excess phase noise of about 20 dB, an

taxx ETX 500. To avoid saturation of the detectors, a Che-effect that originates from the propagation of the light

bycheff low-pass filter was used with a cutoff frequency ofthrough the fiber. Although, we tried to setup an exact replica

about 35 MHz to suppress the high noise peaks at the rewf the first squeezer, the noise power of the generated EPR

etition frequency and the harmonics of the laser. The photobeams of the second squeezer is different from that of the

current fluctuations were detected at a frequency of 17.%irst squeezer.
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FIG. 5. Noise power of different combinations of the output ~ FIG. 6. Generation of a highly correlated four-partite state.
modes: Traces of the single beams EPR1 and EPR4 are shown

together with the combined shot-noise level of two beams. On theyyT1 and OUT2 which are 1.77 dB higher than those that
left side, the sum signal of EPR1 and EPR4 is detected; on the righhere measured in our experiment are expected with the
side, the signal from the Bell measurement is added to the phOtogiven degree of correlations of 3 dB. This can be understood
current detected on mode EPR4. The signal trace incidently coinby a similar argumentation to that given by Furusastal

cides with the shot-noise level of two beams. Each part of the trach]' In classical teleportation, two extra units of vacuum are

(left and righy consists of 400 measurement points over a time. : -
. . mixed into the system, one from the Bell measurement and
period of 10 s. The measured noise traces are not corrected for the

electronic noise which was at87.8 dBm. one from the coherent beam that is modulated.

In a second step, the correlations between EPR1 and C. Interpretation of the results as multipartite correlations
EPR4 are checked again, this time taking into account the

result of the Bell measurement. The photocurrent of EPR4 Fesults can also be interpreted in a different way. The setup is

modifieq to givei4 +igg. This photocurrent is added id. as before, two pairs of entangled beams are generated and
The noise power of the resulting photocurrent drops 10 thgea s EPR2 and EPR3 are combined at a 50:50 beam split-
shot-noise level of wo beams, mo“gatmg that there arge, e are now interested in the correlations of the complete

strong correlations betweed andi4+igg,. The noise lev-  t5ur-mode state.

els are plotted on the right side of Fig. 5. This situation 14 characterize the correlations, a detector is placed in

corresponds to the case where the classical informatiopgch output mode, that is, in EPR1, EPR4, mode5, and

gained from the Bell state measurement is transmitted angode6, and the photocurrents are added as depicted in Fig. 6.
mode EPR4 is modulated and the correlations betweefthe sjtuation is completely equivalent to the case where the

OUT1 and OUT2 are measurécbmpare Fig. L This result  gej| measurement was performed and the photocurrents were
clearly indicates that _the fuII_entangI_ement swapping experizgged. However, the sum photocurrent of all modes shows

ment should be possible. With the given squeezing values, gt the four-mode state has a high degree of correlations,

squeezing varianc¥/;{6X)=1 is expected for the output pecause the sum signal shown in Fig. 7 is 3 dB below the
modes. The limitation in the experiment so far is the rela-
tively low detected input squeezing of 3 dB, otherwise cor-

y ) L 544 s o ~wmr. Detector D2 only (EPR4)
relations below the shot-noise level would be visible. How- 41
ever, there is the 3 dB penalty due to the fact that the -s8]
squeezed states used have a high degree of excess phe_ 01
noise. The relatively low resulting squeezing values are§ g:
partly caused by the detection scheme, where at least threy 61
detectors were involved in the measurement of each indi-§ -8

vidual noise trace, which causes some balancing problems c§ =797
o

Another aspect of the experiment is that the measurement

oo e Detector D1 only (EPR1)

the electronics. ;i sl i of b

Although the squeezing variance expected in the full ex- 41 w..»,.m,_Mwaﬁ\l_,iqf‘E\uwmw‘.ﬂ measurement of all modes
periment is at the shot-noise limit, there are hints that the -8 i . . | I1+15+16+HA=I1+(4+1cn)
teleportation of a highly nonclassical state with continuous 0 100 ﬁmz‘::u) 00 400

variables is possible. We can speak of successful quantur
teleportation of beam EPR2 on beam EPR4 in the following g1, 7. Four-partite correlations: The measurement of all four
sense: Let us compare the measurement results with thogg,des gives a signal that is 3 dB below the corresponding shot-
that can be obtained by classical teleportation, where thfoise level. Thus, the generated four-mode state is highly corre-
amplitude and phase fluctuations of the mode to be teletated, each individual beam having a high noise level. The measure-
ported are measured simultaneously and an independent c@ent time was 10 s. The measured noise traces are not corrected for
herent beam is modulated. Squeezing variances betweeie electronic noise which was at87.8 dBm.
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corresponding shot-noise level of four equally bright coher- -52.51'WVWMWWMMMWWWMMMWN“W i1+i4

ent states. 53.0.

V(XEPR1+ Xmode5+ Xmode6+XEPR4)<4V(Xcoh)- (5) E -::z-
This indicates that a highly correlated four-mode state wasg 5. 4
created. The question that arises now is whether this state ig j:::m«ﬂmwmmwwwwwwmw i1+i5+i6
genuinely four-party entangled. g T
A genuinely multipartite entangled state means that none$ “5%51
of the parties is separable from any other party in the total2 56.0-
density operator. For example, the two initial EPR sources in 6.5 Prrr g s P by 14¥E5+6
our setup correspond to an entangled four-mode state whicl _g7q] i i1
is not genuinely four-party entangled. Though none of the
modes is completely separable from the rest, the total stat
only consists of two two-party entangled states, mathemati- time (a.u.)
cally desribed by the tensor product of two bright EPR states. FIG. 8. Correlations of the four-mode state. Measurement of

In gontrast,d the Olétpm fou.r-m.ode' St‘.”ule of modgs IElerhree modes compared with the noise levels of the indivdual beams.
mode5, mode6, and EPRA4, is, in principle, a genumey pur'l'he measurement time was 10 s. The shot-noise level for three
party entangled state, at least when assuming pure NPy, qes is about-73.7 dBm.

states. This can be understood most easily by examining

the  corresponding  four-mode  Wigner  function poise level ofil+i5+i6 equals the noise level of4
W(ay,as,a6,a4) of the output state. Assuming two pure (EpRr4 andi5+i6+i4 equals1 (EPR1. This behavior be-
initial EPR sources, the output sta®(«y,as,a,@4) IS comes clear by the following considerations: The sum signal
aI;o pure. For pure states, the nonfactorizability of theyom modes and modes, .64, contains the full ampli-
Wigner function, W(a, a5, ag, ) # W(a1)W(as,a6,@24)  tyde fluctuations of EPR2 and EPR3. Thus, by taking the
andW(ay, as, ag, aq) 7 W(ay, as) W(as, ay) for all permu- - gym with EPR1, only the fluctuations originating from EPR3
tations of (1,5,6,4), proves the genuine four-party entangleremain, as EPR1 and EPR2 were initially entangled and the
ment. The output Wigner function for the special case of twoyctyations cancel almost completely compared with the
two-mode squeezed vacuum states as the input EPR-s0UrGgSise of a single beam. Thus, the measured noise level of
is given in Ref.[25]. For any degree of the squeezing, it ;156 is equal to the fluctuations of beam EPR3 which

cannot be written in any product form hence the state a5 the same noise level as beam EPR4. Similarly, the noise
genuinely four-party entangled. Moreover, partial transposiieye| of the combined measurement iG+i6+i4 can be

tion (partial sign change of the momentum quadratiB®)  oyhiained. This measurement is consistent with the fact that
applied to its four-mode correlation matrix with respect t0he excess noise of the individual EPR beams of the different
any possible splitting of the four modg26,27) always leads  gpg sources is slightly different. As mentioned before, there
to an unphysical state, thus ruling out any partial separability; e 1o correlations between beams EPR1 and EPR4, as the

The four-party correlations of the four-mode squeezed griance ofi1+i4 is just the sum of the variancesidf and
vacuum, as can be seen in the Wigner function of 23], ia

lead to quadrature triple correlations such \&sX;—(Xs

+Xg)/\2]—0 and V[ (Xs— Xe)/2—X,]—0. In our ex- IV. DISCUSSION AND OUTLOOK

periment, due to the brightness of the beams and the direct _
detection scheme employed, the four-party correlations be# Phase measurement: Full proof of entanglement swapping
come manifest in a combination of the quadrature amplitudes The full proof of entanglement swapping will be more

of all four modes, as described by H§). Whether the mix-  challenging as not only the correlations in the amplitude
edness of our entangled four-mode state due to the excegsadrature, but also those in the phase quadrature must be
phase noise causes a significant deterioration of the fouehecked. For this purpose, a real modulation of beam EPR4
party entanglement should be further investigated, also witlis needed. As intense entangled beams are used, no local
respect to the experimental verification of the four-party en-oscillator can be employed to measure correlations in the
tanglement(see below. Since the genuine four-party en- phase quadrature due to the saturation of the detectors. In-
tanglement is present for any nonzero squeezing in the purstead, some interferometric scheme is needed to measure the
four-mode squeezed vacuum sta®$], we expect that the correlations in the phase quadrature. This can be achieved by
mixed state in our experiment remains genuinely four-partyletting the two output modes, OUT1 and OUT2, interfere at
entangled. another 50:50 beam splitter.

To further characterize and describe the correlations of the Two possible interferometric detection schemes will be
four-mode state, we measured the noise of the combinatiogescribed to test whether a pair of beams, here called EPR1
of three beams, that is the variance of the photocurrehts and EPR2, coming from a black box are entangled or not. In
+i5+i6=il+ig, and i5+i6+i4=ig,+i4, which are the first case, the noise power can be measured in one of the
plotted in Fig. 8. These signals exhibit a high noise leveloutput ports of the interferometer using balanced detection
compared with the shot-noise level. To be more precise, thecompare Fig. @)]. When the correlations in the amplitude

0 100 200 300 400
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FIG. 9. Two possible setups for an indirect measurement of correlations in the phase quadrature of two beams EPR1 and EPR2. Both
input beams are superimposed on a 50:50 beam splittés) the noise variance of one output port is detected. This also provides a direct
measure for the nonseparability of states EPR1 and EPR®) lihe signal from both output ports is detected and the difference channel
provides information about the correlations of the phase quadrature of beams EPR1 and EPR2.

guadratures of EPR1 and EPR2 have already been measurdélde phase measurement together with the photocurrent from
correlations in the phase quadrature can be determined frothe Bell measuremerif,, for nonclassical correlations.

an amplitude quadrature measurement of OUT1 or OUT2. If

squeezing occurs, then also the phase quadrature is corre- B. Criteria for multipartite entanglement

lated and beams EPR1 and EPR2 must be entafgBdIt )
The four-party correlated state generated by the interfer-

is also possible to check directly if the outgoing beams are .
nonseparable: The variance of the sum photocurrent me&NCce Of two two-party entanglement sources could be an im-

sured at the output of the interferometer is proportional to th®0rtant requisite for multipartite quantum communication

sum of the squeezing variances, see @j. Thus, the Duan and networking. However, it should be first verified experi-
nonseparability criterion can be verified in a single measureMentally that the generated state is indeed genuinely four-

ment[24]. It was shown that, if squeezing occurs for a cer-Party entangled. For Gaussian states, the full characterization

tain interference phase, states EPR1 and EPR2 are necesOf multipartite entangled states requires the detection of all

sarily entangled24], a consequence of the nonseparability'”depe”de,”t entri_e_s of the cr_)rrelation mgtrix. However, in
criterion for continuous variables. Ref. [26], inequalities are derived which impose necessary

The other possibility is to put a detector in each Outloutconditions onto a multiparty multimode state to be partially

port and record the sum and the difference of the photocur®" fully separable. Hence, violations of these conditions rule
rents[see Fig. @)]. The difference signal is proportional to out any form of separability, thus being sufficient for genuine

. N - . multipartite entanglement. These criteria involve measure-
th?‘ Va”anc‘.iv(YEPRl_ YePR) Wh'.Ch drops b?'OW _the shot- ments of linear combinations for the two conjugate quadra-
noise level if there are nonclassical correlations in the phas

flires of all modes. The conditions are expressed in terms of
guadrature. The correlations in the amplitude quadrature ¢ P

. i m of the varian fth mbinations. This is simi-
be checked simultaneously by taking the sum of the photc&)‘ﬁ]]e sum of the variances of these combinations S1Ss

. . r to the Duan criterion stated in E), where the sum of
currents. This measurement is of the same type as the Belre @

state measurement in the entanglement swapping proced€ Squeezing variances of theand Y quadratures is con-
This detection scheme is also used for dense coding expe idered. Such criteria are only sufficient and not necessary

ments[1] and was proposed for a continuous-variable endOf €ntanglement, but they apply to arbitrary quantum states
tanglement swapping experimeias]. (pure, mixed, Gaussian, or non-Gausgidy using criteria
Alternatively, phase detectiody and 5 can be based on quadrature linear combinations for the verification
) OouT1 ouT2

. .of genuine multipartite entanglement, the measurement of
performed on beams OUT1 and OUT2, respectively. For th'?h entire correlation matrix of a Gaussian state is no longer

purpose, an extremely unbalancgd mterferomet_er can be USGleded. However, in general, these criteria cannot be readily
[29], which maps phase fluctuations onto amplitude fluctua-

tions for certain measurement frequencies. At the repetition
rate of 82 MHz of our laser system, an arm length difference optical
of about 7.2 m is required to measure phase fluctuations at a hase:shift phase
radio frequency of 20.5 MHz. In that case, a phase shift is i gy &m2
accumulated which leads to a 90° rotation of the quantum V.
uncertainty sideband. After interference and together with detector
the detection scheme, the phase noise of the input beam can B arm 1
be recorded in direct detectigsee Fig. 10 Thus, the phase spectrum
shift for the rf signal has to be adjusted as well as the optical  analyzer
interference phase such that the two output ports are equally detector

intense. With such an interferometer, it will be possible to A

avoid phase modulation, as in the case of the amplitude fluc- FIG. 10. Unbalanced interferometer for detection of phase fluc-
tuations, and check directly the obtained photocurrents fronuation without local oscillator.

A
Q>
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applied to direct detection schemes. Hence, simple experbelow shot noise in the amplitude quadrature. Although so
mental criteria and measurement techniques like those déar there is no experimental proof that this state is really
scribed above for the two-mode case still have to be develfour-party entangled, the measured correlations support this

oped for the multimode case. conjecture. We have taken an experimental step towards en-
tanglement swapping with continuous variables and pro-
V. CONCLUSIONS duced an intense light state showing fourfold quantum cor-

] relations which is consistent with genuine four-party
To summarize, we have adapted a scheme to perform egntanglement.

tanglement swapping with intense, pulsed, quadrature en-

tangled beams using direct detection. By substituting the re- ACKNOWLEDGMENTS

quired optical modulation with an adapted detection setup,
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