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Weobservepolarization-entanglementbetweenfour photonspro-
duced from a single down-conversion source. The non-classical
correlationsbetweenthe measurementresultsviolate a generalized
Bell inequalityfor four qubits. Thecharacteristicpropertiesandits
easygenerationwith highinterferometriccontrastmaketheobserved
four-photonstatewell-suitedfor implementingadvancedquantum
communicationschemessuchasmulti-party quantumkey distribu-
tion, secretsharingandtelecloning.

PACSNumbers:03.67.Mn,03.65.Ud,42.50.Ar, 42.65.Lm

Entanglementbetweenmorethan two particlesis the key
ingredientfor advancedmulti-partyquantumcommunication.
A numberof proposals,e.g. telecloning[1], reductionof the
communicationcomplexity [2], or secretsharing[3] utilize
multi-particleentanglementfor quantumcommunicationpro-
tocols.

Only few experimentshavedemonstratedentanglementbe-
tweenmore than two qubits. Whereasthe strongcoupling
betweenatomsenablesengineeredstatepreparation[4] as
requiredfor quantumcomputation,entangledmulti-photon
statesarebestsuitedfor communicationpurposes.Interfer-
enceof independentlycreatedphotonpairswasusedtogether
with conditionaldetectionfor the first observationsof three-
andfour-photonGHZ states[5]. Yet, thoseschemesrequired
interferometricsetupswhichlimit theirapplicabilityandmake
detailedinvestigationsdifficult. Moreover, it is importantto
generatealsodifferenttypesof entangledmulti-photonstates
requiredfor quantumcommunication.

In this letter, we show that a polarization-entangledfour-
photonstatecanbe directly observedbehinda singlepulsed
spontaneousparametricdown-conversion(SPDC)source.In
contrastto previoustechniques,thestateformswithout over-
lappingphotonsat beamsplittersand the needof matching
path lengthdifferences.The observed statecanbe usedfor
telecloningand,asshown here,for multi-party key distribu-
tion andsecretsharing.

In spontaneousparametricdown-conversion,thereis a rea-
sonableprobability of simultaneouslyproducingfour pho-
tons for strongpumppower. However, if the type-II down-
conversion[6] is adjustedto give polarizationentanglement
for a pair emittedinto the two spatialmodes�
	 and

� 	 , the
stateof the four photonsemitted into thesemodesis not
simply the productof two entangledpairs [7]. Due to their
bosonicnature,the emissionof two otherwiseindistinguish-
ablephotonswith identicalpolarizationinto the samedirec-

tion is twice asprobableastheemissionof two photonswith
orthogonalpolarization[8]. Splitting eachof the two modes
at a non-polarizingbeamsplitter enablesthe observation of
correlationsdueto theentanglementbetweenfour photons.

In our experimentwe selecteventssuchthatonephotonis
detectedin eachof the four outputs( � , �
� , �

, and
� � ) of the

beamsplitters(Fig. 1). Thesefour-photoncoincidencescan
beexplainedwith thefour-photonstate����� ����������� ���� �"!#!#$%$'&)(*� $%$+!#!#& (1)

, �- � �"!.$+!#$+& , �/!#$%$%!#& , � $+!0!.$+&1(2�/$+!.$3!#&/4�465
wherethe four entriesin the statevectorsindicatehorizon-
tal ( ! ) or vertical ( $ ) polarizationsof the photonsin arm� 5 �7� 5 � and

� � . Generally, with sucha setupone obtainesa
superpositionof a four-photonGreenberger-Horne-Zeilinger
(GHZ) stateand a productof two Einstein-Podolsky-Rosen
(EPR)pairs[7],��� � ����� � �8� -�9�;:3!=<>& ?@?�ACBDBDA , � ��E�"F+G3H3&"?@?@AI�"F+G3H3& BDBDA (2)

For the particularstatein eq. 1, the GHZ stateis equal to�J � � � !0!#$+$'&/?@? A BKB A (L� $+$+!0!.&/?@? A BKB A 4 andtheEPRstateis

the so-calledBell state � �%MN& � �J � � �/!#$%&/OPO A , �/$+!.&"OQO A 4
with R � � 5 � .

Thegenericform of state
�� � �S����T

(eq.2) is invariantunder
identicalbasischangesby thefour observers,i.e.,

�� � ����� T
re-

mainsasuperpositionof a four-photonGHZ stateandaprod-
uct of two EPRpairswhenall four observersuseidentically,
but otherwisearbitrarily orientedpolarizationanalyzers[10].
This contrastswith theGHZ stateswhich loosetheir charac-
teristictwo-componentform undersucha basischange.This
featureis relatedto thefactthatthefour-photonstateof equa-
tion (1) canbe viewed asthe resultof cloning an EPRpair.
It is known that quantumcloning cannotbe perfect. Thus,
a four-photonGHZ contribution is createdin additionto the
productof two EPRpairs[12]. Nevertheless,thepropertyof
maintainingthecharacteristicformunderbasistransformation
is carriedoverfrom theEPRsingletstateto its quantumclone�� � ����� T

.
To observe the four-photonentangledstate,it is necessary

to selectsingle spatialmodesand to erasethe possiblefre-
quency correlationsof theoriginal photonpairs. This canbe
achievedby usingpulsedparametricdown conversionandby
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detectingthephotonsbehindnarrowbandfilters,resultingin a
coherenceU time longerthanthepumppulseduration[13].

In our experimentwe usedthe UV-pulsesof a frequency-
doubledmode-lockedTi:Sapphirelaser(pulselength180 fs)
to pumpSPDCin a 2 mm thick properlyorientedBBO crys-
tal at a centerwavelengthof 390 nm. The pumpbeamwas
focusedto awaistof 100 V m insidethecrystal,andtherepeti-
tion ratewas76MHz with anaveragepowerof 450mW. The
degeneratedown-conversionemissioninto thetwo character-
istic type-II crossingdirectionswascoupledinto singlemode
optical fibers to definethe spatialemissionmodes. Behind
the fibers the down-conversionlight passedinterferencefil-
ters( WYX[Z2\ nm),andwassplit at dielectric50%-50%beam
splittersinto four distinct spatialmodes.Polarizationanaly-
sis in eachof the four outputswasperformedby a combina-
tion of quarter- andhalf-wave platestogetherwith polarizing
beamsplitters.Thefour photonsweredetectedby singlepho-
ton Si-avalanchediodes,andregisteredwith aneight-channel
multi-coincidenceunit. This unit recordedevery possibleco-
incidencebetweenthe eight detectors,and thus allowed ef-
ficient registrationof the 16 relevant fourfold coincidences.
Thedetectorsexhibit differentefficienciesbetween40%and
50%dueto productiontolerances.If not statedotherwise,the
ratespresentedherearethereforecorrectedfor theseparately
calibratedefficiencies,andtheerrorsgivenarededucedfrom
propagatedPoissoniancountingstatistics.

Fig. 2ashows the 16 possiblefourfold coincidenceproba-
bilities for detectingonephotonin eachof the four outputs
of thebeamsplitters,with all four polarizationanalyzersori-
entedalong ]E^`_ . Theratesof the ]0]#_+_ andthe _'_+]0]
eventsarein very goodagreementwith the statein equation
(1) and,within errors,equalto thesumof all eventswherethe
two photonsdetectedin arms a and a
b , or in arms c and c�b ,
have orthogonalpolarization. The four-photonstate dd�e%f�g�h�iexhibits the mentionedinvarianceunderidentical changeof
thefour detectionbases.Fig. 2b shows thefour-photoncoin-
cidenceprobabilitywhenanalyzedalong jlk
monQ^lp.k
mon linear
polarization.Again, oneobservestwo typesof coincidences,
the GHZ part,andthe fourfold coincidencesdueto the EPR
pairswith averagerateslower by a factorof four. Integration
timeswere5 h, and17.5h, respectively, with four-fold coin-
cidenceratesbetween300and100perhour, varyingmainly
dueto drifts of thefibercoupling.

As a first step in the characterizationof entangledstates
it is customaryto analyzethe correlationsbetweenmeasure-
ment results. For this purpose,polarizationmeasurements
correspondingto dichotomic observableswith eigenvectorsq"rtsvu�wxs7y Z{z |}^`~�� q _ y s j rtso�
�����}��q ] y s7�

and eigenvaluesrts Z��'| areperformedby theobservationstationsin thefour
modes( ��Z�a u a
b u c u c�b ). The theoreticalpredictionfor the
correlationfunction definedas the expectationvalue of the
productof thefour local resultsis givenby [7]����� � w��
u�w����/u�w���u�w��D� � Z ~\+�@�7� � w�� j wx�@� p w�� p w��D� �

(3)

j |\3�@�
� � w�� p w���� � �@�7� � w�� p w��D� �@�
The experimentalvalueof the correlationfunction canbe

obtainedfrom the16four-photoncoincidencerates,asshown
in Fig. 2aandb, via� � w � u�w ��� u�w � u�w �D� �

Z ����¡  � � �  ��¢�  � ¢ �¤£
¥�¦
r§�¡r§���¤r§� r§�D��¨ª© �Q« © � � « © ¢ « © ¢ � � w��7u�wx�@�"u�w��Pu�w��D� �@�

(4)

Therein,thefour-photonprobabilities̈
ª© �Q« © � � « © ¢ « © ¢ � aregivenby¨ © � « © � � « © ¢ « © ¢ � � w � u�w � �/u�w � u�w � � � Z­¬ © � « © � � « © ¢ « © ¢ � ^®� ¬ u

where ¬ © �¡« © � � « © ¢ « © ¢ � is the numberof recordedfour-fold events
at the detectorsspecifiedby the indices(for the specificset-
tings), andthe sumis the total numberof relevant four-fold
events. Fig. 2c shows the dependenceof

�
on theangle

w �
,

for the otheranalyzersfixedat angles
w �@� Z w � Z w �¯� Z�° ,

correspondingto k7m n linear polarization. For its visibility,
which hereis equalto themaximalabsolutevalueof thecor-
relationfunction(eq.4), weobtain _±Z2²}³ � \7´µ�¶| � k
´ , com-
paredto _�Z·|P°
°7´ expectedfrom (eq. 3) for a purestate.
It servesasa measurefor thequality of our statepreparation,
and largely dependson the ratio betweenthe spectralband-
widthsof thepumplight andthedetectedphotons[13].

Note that theanalysisanglesgiving perfectcorrelationsofdd e%f�g�h i aredifferentfrom thosefor a four-photonGHZ state.
Due to the EPRcontributions,this statecannotbe usedin a
GHZ-typeargumentrefuting local hiddenvariablemodelsof
quantummechanics.However, theinvariancementionedear-
lier enablesperfectcorrelationsfor all possiblesetsof com-
mon analysisdirections,a featurewhich doesnot hold for
GHZ states,but which is of importancefor the multiparty
key distribution schemespresentedbelow andotherquantum
communicationschemes[1,11].

Thecontributionof theproductof theEPRstatesalsoleads
to a different natureof the four-photonentanglement.The
seeminglyinnocentquestionof how muchentanglementis in
thestate dd e%f�g�h i cannotbeansweredfor themoment,because
clearmeasuresof multi-particleentanglementarestill miss-
ing [14]. Keepingin mind possibleapplicationsfor multi-
party quantumcryptographyandsecretsharing,we analyze
theentanglementof thestatein termsof violation of a (non-
conventional)Bell inequality.

Onecanwrite down asingleBell inequalitywhichsumma-
rizesall possiblelocal realisticconstraintson thecorrelation
functionfor thecaseof eachlocalobservermeasuringthepo-
larizationsalong two alternative directions[7,15,16]. Let us
introducea shorthandnotation,

� � w�¸� u�w © � � u�wx¹� u�wªº�D� �
, for the

correlationfunctionsdeducedfrom the observed countrates
for the full setof 16 local directions,with » u r/u/¼=u/½ Z¾| u ~
denotingwhich of thetwo alternativephasesettingswascho-
senat the local observation stationmeasuringin arm �¿Za u a7b u c u c�b . ThegeneralizedBell inequalityreads[16]À f�g�h Z (5)

Z |~ g �Á � £7¥�¦� £ �   � �   ¢   ¢ �
ddddddd

�Â�  �S  ÃN  Ä£
¦   ÅÇÆ ¸� Æ
© � � Æ ¹ � Æ º � � � � w ¸� u�w © � � u�w ¹ � u�w º � � � dddddddvÈ

| �
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Themaximalviolation of this inequalityfor ÉÉ�Ê%Ë�Ì�Í�Î is ob-
tainedÏ whenthreeobservers(onein eachmode ÐÒÑÇÓ
Ô¤Õ�Ö¡Õ�Ö�Ô )
perform polarizationanalysisalong ×ÙØ�Ú ÛÜ ÑÞÝlßáà}â , and the
observer in mode Ó choosesbetween×�Øã Ñ¿ä or ×xÛã Ñ*ßáà`å .

Then the quantumprediction is as high as æ ËSÌ�Íç�è Ñêé
ë ì
ìoí ,
andresultsin aviolationof theaboveinequalitywheneverthe
correlationfunction implied by the studiedstate ÉÉ�Ê%Ë�Ì�Í�Î has
visibility greater53% [7]. In comparison,for a four-photon
GHZ stateoneobtainsæ Ë�Ì�Íçáè Ñ±î ì anda critical visibility ofé¡à
î ì0ïñð
ò
ó . The visibility requirementfor an experimen-
tal violationof theinequality(5) is thereforemoredemanding
for ÉÉ�Ê%Ë�Ì�Í Î . But sinceit is muchsimplerto generateÉÉ�Ê%Ë�Ì�Í Î ,an experimentalviolation of the local realisticcondition (5)
becomesfeasible.

Fig. 3 showsall 256fourfold coincidenceprobabilitiesnec-
essaryfor suchan analysis. They were recordedin blocks
of 16 coincidencerates,eachcorrespondingto one of the
16 phasesettingsappearingin the inequality(5). Integration
timeswererangingfrom 2.75 to 4.75 hoursper frame. For
evaluating the generalizedBell-inequality we usedthe raw
data without any correctionfor efficiencies. The resulting
value æ ËSÌ�Í Ñ·é
ë ð
ävé>Ý2ävë ä`â
ä stronglyviolatesthe boundary
for local realistic theoriesandconfirmsthe entanglementofÉÉ�Ê ËSÌ�Í Î .Perfectcorrelationsand the violation of a Bell-inequality
arethekey ingredientsof entanglementbasedquantumcryp-
tography[17], which with the aid of ÉÉ�Ê%Ë�Ì�Í�Î canbe now ex-
pandedfor multi-party quantumcommunication.Similar to
a four-observer Bell experiment,partiesA’, B, and B’ (ob-
servingphotonsin modeÓ
Ô , Ö and Ö�Ô ) switchbetweenanalysis
angles× Ü Ñ2Ýlßáà¡â , while partyA observingphotonsin modeÓ switches× ã betweenä or ßáà`å , andwith acertainprobability
to ßáà}â . After a numberof quartetsareregistered,partyA an-
nounceswhenhaving analyzedalong ä or ßáà`å . For thesede-
tectionquartetstheotherpartiespublicly announcetheir set-
tingsandresults,whichnow canbeusedto evaluateæ Ë�Ì�Í . The
degreeof violation of the Bell inequality(5) is a measureof
the securityof the key exchange. Any eavesdropperattack
on any of the four quantumchannelswould reducethe en-
tanglementandthustheviolation of inequality(5). Thus,the
fourpartiescanassumethattheremaininginstanceshavebeen
securelytransmitted.Sincein thesecasesparty A measured
along × ã Ññßáà¡â , perfectcorrelationsexist betweenthe four
measurementresultsaccordingto equation(3) andenablethe
four partiesto obtaina random,securekey [18].

Two waysto obtainasecurekey canbeformulated.Firstly,
andsimilarly to recentlyproposedschemesof secretsharing
[3], the partiescould cooperatesuchthat two of the four re-
veal their settingsand resultsto the other two. Relying on
theperfectcorrelationsof thestate,eachof thetwo remaining
partiescaninfer the resultof theotherandthuscanevaluate
a securekey only known to thesetwo parties. Secondly, the
measurementresultscanbe usedto distribute a key to three
of the four parties. This canbe achieved if, e.g., partiesA
andA’ cooperate(forming now a singleparty A*) andcom-
paretheir measurementresults.Theinstanceswherethey ob-
tain the sameresults,areonly due to the GHZ contribution

of ÉÉ�Ê%Ë�Ì�Í�Î . For thesecasesthe correlationsof the GHZ state
allow now thethreepartiesA*, B, andB’ to createacommon
secretkey [19].

In summary, bosonic-typeinterferencecan be utilized to
produce multi-photon entanglementdirectly from sponta-
neousparametricdown-conversion. Without interferometric
setupswe could demonstratethe correlationsbetweenmea-
surementresultsof four observersandtheviolation of a gen-
eralizedfour-photonBell inequality. Thehighvisibility of the
quantumcorrelationsandtheeaseof operationof our source
show its potentialfor multi-partyquantumcommunicationap-
plicationslike quantumsecretsharing,three-partykey distri-
butionor for quantumtelecloning.
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FIG. 1. Experimentalsetup. The four photonsareemittedfrom

the BBO crystal (type-II phasematching)into two spatialmodes]
^ and _ ^ , anddistributedinto the four modes]	`a]�bc` _ ` _ b by 50-50
beamsplitters(BS) behindinterferencefilters (F). To characterize
theresultingfour-photonstate ôô õ öø÷"ù"ú , polarizationanalysis(PA) in
variousbasesis performedfor eachmodeusing d	egf and d	eCh wave
platesin front of polarizingbeamsplitters(PBS)andsinglephoton
avalanchedetectors(SPAD).
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FIG. 2. Fourfoldcoincidenceprobabilitiescorrespondingto ade-
tectionof onephotonin eachof thefour polarizationanalyzers,ori-
entedin (a) theH/V basis,and(b) the

# f%$'& basis.(c) Four-photon
polarizationcorrelationwith the detectionbasisof an observer in
mode ] varying from f%$ & linear at (*),+.- to left circular, /µf0$ &
linearandright circularpolarization,while observersin ]�bc` _ ` _ b an-
alyzein the

# f%$'& basis.Thesolid line shows a sinusoidalfit to the
experimentalresultswith a visibility of 13254 6 #87 4 f09 .
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FIG. 3. Fourfold coincidenceprobabilities (raw data) for a
four-particletestof local realistic theories.For the sixteensettings
of theanalyzerphases( ) ` ( )A@ ` (CB ` ( B @ , countratesnot correctedfor
detectionefficienciesareusedto evaluateageneralizedBell inequal-
ity (5), leadingto

D ö�÷"ù + 7 4 63- 7 # - 4 -gf%- . This clearlyexceedsthe
boundof 1 demandedby local realistic theories. Acquisition rates
werearound150fourfold coincidenceeventsperhour.
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