Experimental observation of four-photon entanglement from down-conver sion
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We obsere polarization-entanglemebetweerfour photonsro-
ducedfrom a single down-corversion source. The non-classical
correlationsbetweenthe measurementesultsviolate a generalized
Bell inequalityfor four qubits. The characteristigpropertiesandits
easygeneratiorwith highinterferometriccontrasmalke theobsered
four-photon statewell-suited for implementingadwancedquantum
communicatiorschemesuchas multi-party quantumkey distribu-
tion, secretsharingandtelecloning.
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Entanglemenbetweenmorethantwo particlesis the key
ingredientfor advancedmulti-party quantumcommunication.
A numberof proposalsge.g. telecloning[1], reductionof the
communicationcomplexity [2], or secretsharing[3] utilize
multi-particleentanglemenfior quantumcommunicatiorpro-
tocols.

Only few experimentdhave demonstratedntanglemerie-
tweenmore than two qubits. Whereasthe strong coupling
betweenatoms enablesengineeredstate preparation[4] as
requiredfor quantumcomputation,entangledmulti-photon
statesare bestsuitedfor communicationpurposes.Interfer
enceof independentlyereatecbhotonpairswasusedtogether
with conditionaldetectionfor the first obsenationsof three-
andfour-photonGHZ stateg5]. Yet,thoseschemesequired
interferometricsetupswhichlimit theirapplicabilityandmake
detailedinvestigationdifficult. Moreover, it is importantto
generatalsodifferenttypesof entanglednulti-photonstates
requiredfor quantumcommunication.

In this letter, we show that a polarization-entanglefbur-
photonstatecanbe directly obsened behinda single pulsed
spontaneouparametricdown-corversion(SPDC)source.In
contrastto previoustechniquesthe stateforms without over
lapping photonsat beamsplittersand the needof matching
pathlength differences. The obsened statecan be usedfor
telecloningand, as showvn here,for multi-party key distribu-
tion andsecretsharing.

In spontaneouparametricdown-corversionthereis area-
sonableprobability of simultaneouslyproducingfour pho-
tonsfor strongpumppower. However, if the type-Il down-
corversion[6] is adjustedto give polarizationentanglement
for a pair emittedinto the two spatialmodesay andbg, the
state of the four photonsemitted into thesemodesis not
simply the productof two entangledpairs[7]. Due to their
bosonicnature,the emissionof two otherwiseindistinguish-
able photonswith identical polarizationinto the samedirec-

tion is twice asprobableasthe emissionof two photonswith
orthogonalpolarization[8]. Splitting eachof the two modes
at a non-polarizingbeamsplitter enablesthe obsenation of
correlationgdueto the entanglemenbetweerfour photons.

In our experimentwe selecteventssuchthatone photonis
detectedn eachof the four outputs(a, a', b, and?d’) of the
beamsplitters(Fig. 1). Thesefour-photoncoincidencesan
be explainedwith thefour-photonstate
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wherethe four entriesin the statevectorsindicate horizon-
tal (H) or vertical (V) polarizationsof the photonsin arm
a,a’,b andb’. Generally with sucha setupone obtainesa
superpositiorof a four-photonGreenbegerHorne-Zeilinge
(GHZ) stateand a productof two Einstein-Podolsik-Rosen
(EPR)pairs[7],
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For the particularstatein eq. 1, the GHZ stateis equalto
G5 HHVV) iy + | VVHH), ) andthe EPRstateis
the so-calledBell state| ) = %q HV),., —|VH),,)
with z = a, b.

The genericform of state| 111(4)> (eq.2) is invariantunder
identicalbasischangedy thefour obserers,i.e., | 111(4)> re-
mainsa superpositiorof afour-photonGHZ stateanda prod-
uct of two EPRpairswhenall four obsenersuseidentically,
but otherwisearbitrarily orientedpolarizationanalyzerq10].
This contrastswith the GHZ stateswhich loosetheir charac-
teristictwo-componenform undersucha basischange.This
featureis relatedto thefactthatthe four-photonstateof equa-
tion (1) canbe viewed asthe resultof cloning an EPR pair.
It is known that quantumcloning cannotbe perfect. Thus,
a four-photonGHZ contribution is createdin additionto the
productof two EPRpairs[12]. Neverthelessthe propertyof
maintainingthecharacteristiéorm underbasistransformation
is c(a;riedoverfrom the EPRsingletstateto its quantunclone

T,

To Z)bser\e the four-photonentangledstate, it is necessary
to selectsingle spatialmodesandto erasethe possiblefre-
gueng correlationsof the original photonpairs. This canbe
achievedby usingpulsedparametricdown corversionandby



detectinghe photonsbehindnarronbandfilters, resultingin a
coherencéime longerthanthe pumppulseduration[13].

In our experimentwe usedthe UV-pulsesof a frequeng-
doubledmode-locled Ti:Sapphirelaser(pulselength 180fs)
to pumpSPDCin a2 mm thick properlyorientedBBO crys-
tal at a centerwavelengthof 390 nm. The pumpbeamwas
focusedo awaistof 100 um insidethecrystal,andtherepeti-
tion ratewas76 MHz with anaveragepower of 450mW. The
degeneratalown-conversionemissioninto the two character
istic type-Il crossingdirectionswascoupledinto singlemode
optical fibersto definethe spatialemissionmodes. Behind
the fibersthe down-conversionlight passednterferencfil-
ters(AX = 3 nm), andwassplit at dielectric50%-50%beam
splittersinto four distinct spatialmodes. Polarizationanaly-
sisin eachof the four outputswas performedby a combina-
tion of quarter andhalf-wave platestogethemwith polarizing
beamsplitters. Thefour photonswveredetectedy 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.
The detectorsexhibit differentefficienciesbetweerd0% and
50%dueto productiontoleranceslf not statedotherwisethe
ratespresentederearethereforecorrectedor the separately
calibratedefficiencies,andthe errorsgivenarededucedrom
propagatedPoissoniarcountingstatistics.

Fig. 2ashaws the 16 possiblefourfold coincidenceproba-
bilities for detectingone photonin eachof the four outputs
of the beamsplitters,with all four polarizationanalyzerori-
entedalongH/V. Theratesof the HHVV andtheVVHH
eventsarein very goodagreementvith the statein equation
(1) and,within errors,equalto the sumof all eventswherethe
two photonsdetectedn armsa anda’, or in armsb and b,
have orthogonalpolarization. The four-photonstate| (4))
exhibits the mentionedinvarianceunderidentical changeof
thefour detectionbasesFig. 2b shavs the four-photoncoin-
cidenceprobabilitywhenanalyzedalong+45°/ — 45° linear
polarization. Again, oneobsenestwo typesof coincidences,
the GHZ part, andthe fourfold coincidenceslueto the EPR
pairswith averagerateslower by afactorof four. Integration
timeswere5 h, and17.5h, respectiely, with four-fold coin-
cidenceratesbetween300 and 100 per hour, varying mainly
dueto drifts of thefiber coupling.

As a first stepin the characterizatiorof entangledstates
it is customaryto analyzethe correlationshetweenmeasure-
ment results. For this purpose,polarizationmeasurements
correspondingo dichotomic obsenableswith eigervectors
[z 02) = /1/2(|V), + l,e~%=| H) ) and eigervalues
I, = +1 areperformedby the obsenationstationsin thefour
modes(z = a,a’,b,b'). The theoreticalpredictionfor the
correlationfunction definedas the expectationvalue of the
productof thefour local resultsis givenby [7]
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The experimentalvalue of the correlationfunction canbe

obtainedrom the 16 four-photoncoincidenceates,asshovn
in Fig. 2aandb, via
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Thereinthefour-photonprobabilitiesp, ;_, 1,1, aregivenby

Dol oiloidy (Ba> Dars Po, Do) = Clots oty / Z c,

wherec, 1, 1, ,1,, 1S 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 shawvs the dependencef E ontheangleg,,

for the otheranalyzerdixed at anglesg, = ¢, = ¢y = 0,

correspondingo 45° linear polarization. For its visibility,

which hereis equalto the maximalabsolutevalueof the cor-

relationfunction(eq.4), we obtainV = 79.3% + 1.4%, com-
paredto V = 100% expectedfrom (eq. 3) for a pure state.
It senesasa measurdor the quality of our statepreparation,
andlargely depend=n the ratio betweenthe spectralband-
widths of the pumplight andthedetecteghotong13].

Notethatthe analysisanglesgiving perfectcorrelationsof
| x1:(4)> aredifferentfrom thosefor a four-photonGHZ state.
Dueto the EPR contributions, this statecannotbe usedin a
GHZz-typeargumentrefuting local hiddenvariablemodelsof
guantummechanicsHowever, the invariancementionedear
lier enableserfectcorrelationsfor all possiblesetsof com-
mon analysisdirections, a featurewhich doesnot hold for
GHZ states,but which is of importancefor the multiparty
key distribution schemegpresentedbelon andotherquantum
communicatiorscheme$1,11].

The contribution of the productof the EPRstatesalsoleads
to a differentnatureof the four-photonentanglement.The
seeminglyinnocentquestionof how muchentanglemenis in
thestate| x11(4>> cannotbe answeredor the momentbecause
clearmeasure®f multi-particle entanglemenare still miss-
ing [14]. Keepingin mind possibleapplicationsfor multi-
party quantumcryptographyand secretsharing,we analyze
the entanglemendf the statein termsof violation of a (non-
corventional)Bell inequality

Onecanwrite down asingleBell inequalitywhich summa-
rizesall possiblelocal realistic constraintson the correlation
functionfor the caseof eachlocal obsenermeasuringhepo-
larizationsalongtwo alternatve directions[7,15,16]. Let us
introducea shorthandnotation, E(¢k, ¢!, i, ¢%), for the
correlationfunctionsdeducedrom the obsened countrates
for the full setof 16 local directions,with k,I,m,n = 1,2
denotingwhich of thetwo alternatve phasesettingsvascho-
senat the local obsenation stationmeasuringin armz =
a,a',b,b'. Thegeneralizedell inequalityreads16]
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The maximalviolation of this inequalityfor | ¥(*)) is ob-
tainedwhenthreeobserers(onein eachmodez = a', b, b')
perform polarizationanalysisalong ¢.? = +7/4, andthe
obsenrerin modea choosedetweeng: = 0 or ¢ = /2.

Then the quantumpredictionis as high as 581)\/1 = 1.886,
andresultsin aviolation of theaboveinequalitywheneerthe
correlationfunction implied by the studiedstate| ¥} has
visibility greater53% [7]. In comparisonfor a four-photon

GHz stateoneobtainssgll)w = /8 andacritical visibility of

1/v/8 ~ 35%. Thevisibility requiremenfor an experimen-
tal violation of theinequality(5) is thereforemoredemanding
for | ®™). But sinceit is muchsimplerto generatg ¥4)),
an experimentalviolation of the local realistic condition (5)
becomedeasible.

Fig. 3 showvsall 256fourfold coincidenceprobabilitiesnec-
essaryfor suchan analysis. They were recordedin blocks
of 16 coincidencerates, each correspondingo one of the
16 phasesettingsappearingn theinequality (5). Integration
timeswererangingfrom 2.75to 4.75 hoursper frame. For
evaluating the generalizedBell-inequality we usedthe raw
datawithout ary correctionfor efficiencies. The resulting
value S = 1.301 + 0.040 strongly violatesthe boundary
for (I(gcal realistictheoriesand confirmsthe entanglemenof

T,

| Per>fectcorrelationsandthe violation of a Bell-inequality
arethe key ingredientsof entanglemenbasedjuantumcryp-
tography[17], which with the aid of | ¥(*)) canbe now ex-
pandedfor multi-party quantumcommunication. Similar to
a four-obserer Bell experiment,partiesA’, B, andB’ (ob-
servingphotonsin modea’, b andb’) switchbetweeranalysis
anglesp, = +x /4, while partyA observingphotonsn mode
a switchesp,, betweer( or /2, andwith acertainprobability
to w/4. After anumberof quartetsareregisteredparty A an-
nouncesvhenhaving analyzedalong0 or /2. For thesede-
tectionquartetshe otherpartiespublicly announceheir set-
tingsandresults whichnow canbeusedto evaluateS™®) . The
degreeof violation of the Bell inequality (5) is a measureof
the security of the key exchange. Any earesdroppeiattack
on ary of the four quantumchannelswould reducethe en-
tanglementndthusthe violation of inequality(5). Thus,the
four partiescanassumehattheremainingnstancehave been
securelytransmitted.Sincein thesecasegparty A measured
along¢, = = /4, perfectcorrelationsexist betweenthe four
measuremennesultsaccordingto equation(3) andenablethe
four partiesto obtainarandom,securekey [18].

Two waysto obtaina securekey canbeformulated.Firstly,
andsimilarly to recentlyproposedschemef secretsharing
[3], the partiescould cooperatesuchthat two of the four re-
veal their settingsand resultsto the othertwo. Relying on
theperfectcorrelationsof thestate eachof thetwo remaining
partiescaninfer theresultof the otherandthuscanevaluate
a securekey only known to thesetwo parties. Secondly the
measurememesultscan be usedto distribute a key to three
of the four parties. This canbe achieved if, e.g., partiesA
andA’ cooperatgforming now a single party A*) andcom-
paretheir measuremermesults. Theinstancesvherethey ob-
tain the sameresults,are only dueto the GHZ contribution

of | &™), For thesecaseshe 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-corversion. Without interferometric
setupswe could demonstratehe correlationsbetweenmea-
surementesultsof four obsenersandthe violation of a gen-
eralizedfour-photonBell inequality Thehigh visibility of the
guantumcorrelationsandthe easeof operationof our source
shaw its potentialfor multi-partyquantuncommunicatiorap-
plicationslike quantumsecretsharing,three-partykey distri-
bution or for quantumtelecloning.
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FIG. 1. Experimentaketup. The four photonsare emittedfrom
the BBO crystal (type-1l phasematching)into two spatial modes
ao andby, anddistributedinto the four modesa, a’, b, by 50-50
beamsplitters (BS) behindinterferencefilters (F). To characterize
theresultingfour-photonstate| &), polarizationanalysis(PA) in
variousbasess performedfor eachmodeusing /4 andA/2 wave
platesin front of polarizingbeamsplitters(PBS)andsingle photon
avalanchedetector{SFAD).
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FIG. 2. Fourfold coincidenceprobabilitiescorrespondingo a de-
tectionof onephotonin eachof the four polarizationanalyzersopri-
entedin (a) the H/V basis,and(b) the +45° basis. (c) Four-photon
polarizationcorrelationwith the detectionbasisof an obserer in
modea varying from 45° linear at ¢, = 0 to left circular, —45°
linearandright circular polarization,while obserersin a’, b,%" an-
alyzein the +45° basis.The solid line shavs a sinusoidalffit to the
experimentaresultswith avisibility of 79.3 + 1.4%.
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FIG. 3. Fourfold coincidenceprobabilities (raw data) for a
four-particletestof local realistictheories. For the sixteensettings
of theanalyzemphasesbq, o, v, Pp, COUNtratesnot correctedor
detectiorefficienciesareusedto evaluateageneralizedell inequal-
ity (5), leadingto S = 1.301 + 0.040. This clearly exceedsthe
boundof 1 demandedy local realistictheories. Acquisition rates
werearoundl50fourfold coincidenceaventsperhout



