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After abrief historicalreview including a discussiorof loopholesassociatedvith previoustestsof the

Bell inequalitieswe review theloophole-freeatombasedexperimentwe have underway It teststhestrong
Bell-ClauserHorneinequalityandis basedon the photo-dissociatiof 1°°Hg, dimerthatis in a nuclear
spin-1/2entangledstate.This experimentwill becomparedo otherrecentatombasedests.

This paperis dedicatedo JohnBell whosework not only
inspiredthe experimentsdiscussedn this paperbut hasalso
hadafar-reachingnfluenceon ourunderstandingf theinter-
pretationof quantummechanics.

I.  HISTORICAL OVERVIEW

In a period of 30 yearsat the begginning of the last cen-
tury theworld of Physicswasrevolutionized. Now, onehun-
dredyearsafter Plancks quantumhypothesiswe continueto
be puzzledby the wondersof quantummechanics.We have
learnedto apply conceptssuchasentanglemento problems
in quantuminformation[1, 2]. Otherexamplesof emeging
applicationghathave arisenin thelastcoupleof yearsinclude
guantumcryptography[3] andteleportatiof4—6]. Neverthe-
less, the article publishedin 1935by Albert Einstein, Boris
Podolsly, and NathanRosen(generallyreferredto asEPR)
continuesto fascinateus [7]. EPR argued by meansof a
gedankeexperimentthat quantummechanicss not a “com-
plete” theory Thisincompletedescriptioncould presumably
be avoided by postulatingthe presencef somehiddenvari-
ables(HV) thatwould permitdeterministigredictionsfor mi-
croscopicevents. The relationof quantummechanicgo HV
could be consideredanalogougo the relation of thermody-
namicsto statisticalmechanics. For example,in a gasthe
thermodynamiajuantities,temperatureand pressurecan be
understoodn terms of microscopic(hidden) valuesof the
speedsand directionsof the individual atoms. In addition,
theHV would eliminateconcernsaboutnon-locality.

For mary yearsthe discussiorwaspurely philosophicalin
nature. However, in 1964, JohnBell madea giant stepfor-
ward[8]. Bell revisited the EPR experimentand considered
aversionbasedn the entanglemendf spin-1/2particlesthat
wasintroducedby Bohm[9]. The latter hasconceptuahd-
vantagesn comparisorto the original EPR experimentthat
involvesentanglemenin positionandmomentum.Thewave
functionof sucha systemcanbewritten as
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Thus,for a giventwo particlesystemjf particleoneis found

to have spinup (1) in somespatialdirection,particletwo must
necessariljave spindown (}) in thatdirectionandvice versa.
Specifically quantummechanicgredictsthatthetotal spinof

this two particlesystemis zero,andthatfor measuremeruf

both componentsn onespecificdirection,theresultswill be
oppositewith unit probability. However, quantummechani-
cally it is not possibleto predict the absoluteorientationof

eitherspin, or to even predictabsolutevaluesfor two of the
component®f the spinof a particle.

JohnBell shoved: (1) Hidden-\ariabletheoriescan exist
in the context of Bohm's versionof the EPRexperiment. (2)
Any hidden-ariabletheorysatisfyinga physicallyreasonable
conditionof locality (LHV theory e.g.aclassicatheory)will
yield statisticalpredictionswhich mustsatisfyrestrictionsfor
certaincorrelatedphenomenauchasthoseinvolving entan-
gledstateqcf. Eq.(1)). In otherwords,classicatheoriesput
upperboundson measurementsf the statisticalcorrelations
betweerthe spin component®f the two particles. Thesere-
strictionscanbe castinto the form of inequalities which are
now generallyreferredto asBell inequalities. Thus, at least
in principle, Bell's work madeit possiblefor the first time
to experimentallydistinguishbetweerthe LHV andquantum
mechanicapictures.It shouldbeemphasizethatno specifics
of anLHV theoryareinvolved,only its existence.Thusatest
of aBell inequalityis generalandleadsto discriminationbe-
tweenary LHV andquantummechanics.

Bell's original formulation of the inequalitieswas ideal-
ized and not readily suitedto realistic experimentalcondi-
tions. Several researcherbave sinceformulatedother ver-
sionsof the Bell inequalities[10] that are more experimen-
tally amenableWell known examplesarethe ClauserHorne-
Shimory-Holt (CHSH)inequality[11] andthe Bell-Clauser
Horne(BCH) inequality[12]. The CHSHinequalityis



S(61,02,61,05) = |E(61,02) — E(01,6)| + E(61,05) + E(67,05) < 2 (2)

where#,, #) aretwo valuesof anglesfor the first spin ana-
lyzer andf-, 6% aretwo valuesof anglesfor the secondspin

E(61,0:) =

analyzer In Eq. (2) the quantitiesZ (6., f») areexpectation
values,

N1p(01,02) = Npy (61,02) = Nip (61, 6) + Nyy (61, 65)

where N3 (61,6-) is the numberof pairs of particles for
whichanalyzer (orientedin directionf;) would give spinup
for particlel andanalyzer2 (orientedin directioné-) would
give spindown for particle2. Definitionsfor the other N’s
are analogous. Ny, is the total numberof pairs of parti-
cles. The N’s denotethe numberof pairsof particlesrather
thanactualdetectionevents.Or in otherwords,the N’smean
emegencefrom the analysersnot detection. In this regard
Eq. 2 is notanexperimentallytestablenequality However, if
the detectorshave 100%efficiengy, detectionandemepgence
from the analyzerareidenticalandthe inequalityis testable,
e.g. the Boulderexperiment[13]. By makingthe CHSH as-
sumption(the detectiorefficieng is independentf analyzer
orientation) the E(6,, 8;) canbe formulatedin termsof ex-
perimentalkoincidenceletectiorrates.

Onecanalso makethe alternatve CH assumptiorthatthe
probability of detectionwith theanalyzerin placeis lessthan
or equalto the correspondingorobability with the analyzer

_ Rt(601,02) — Ryp(01,05) + R (67, 02) + Ry (05, 05)

, 3
Ntotal ( )

removed. From a practicalstandpointemployingeitherthe
CHSH or the CH assumptiorenablesone to obtaininequal-
ities that dependonly on coincidencerates("simultaneous”
detectionof both membersof an entangledopair of particles)
andthat do not dependon the singlesratesfor detectionof

particlesat only oneof thedetectorsAs aconsequencehese
inequalitiesareindependenof detectionefficiencies. Freed-
manhasobtainedsuchaninequalityin a particularlysimple
form [14],

|R(22.5°) — R(67.5°)|
Ry

(4)

=

<

whereR(22.5°) and R(67.5°) arecoincidencerateswith an-
gles22.5 and67.5, respectiely, betweenthe polarization
transmissiordirectionsof the polarizersfor eachphoton,and
Ry is the coincidenceatewith both polarizersremoved. By
contrastthe BCH inequalityis
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whereatypical R4 (f1, f2) denoteshe experimentalcoinci-
dencecountrateswhenboth particlesare detectedwith spin
up in the directions#, and @, respectiely; R;4(f;) and
R+4(02) aresinglescountratesat detectorsl and 2, respec-
tively. The BCH inequalityis especiallyimportantbecauset
providesa direct constrainton the experimentallyaccessible
(obsened) detectioncountrates;it doesnot requireary ad-
ditional assumptiongor experimentalimplementation.How-
ever, it dependwon the ratio of coincidenceratesto singles
ratesandis thereforeproportionalto the detectorefficiengy.
(By comparisonEqg. (4) depend®on the ratio of coincidence
ratesto coincidenceratesandthusthe detectorefficiengy in
the numeratorand denominatoiof this ratio cancel). Conse-
guently for low detectionefficiencgy, the inequality (Eq. 5) is
alwayssatisfiedby the quantummechanicapredictions;this

<1
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is alsorecognizedby noting that the singlesratesin the de-
nominatorarelarge comparedo the coincidenceratesin the
numerator Therefore Eq. (5) canonly be usedfor adefinitive
testif thedetectordave very high efficiencies.Notealso,that
it is notnecessaryo simultaneouslyneasurdoth projections
in the caseof the BCH inequality.

Both Eq. (2) and Eq. (5) apply to deterministicaswell as
stochastiqa surprisingresult) theories that arebasedon lo-
cal hiddenvariables[10]. For a definitive loopholefree ex-
perimentthe BCH inequality[12] shouldbetested.Sincethe
BCH inequality containsno additionalassumptionsit pro-
videsthe strongespossibletest. It is remarkablehatthis in-
equalityhasactuallynotyet beentested(cf. sectionlll).

Theprincipleproblemfor experimentatestsof theBCH in-
equalityliesin thefactthatexperimentaimperfectiongener



ally precludea definitive test,i.e. they tendto shift theresult
suchthat the Bell inequalitiesare no longer violated by the
guantummechanicapredictions.

1. THE BELL-CLA USER-HORNE INEQUALITY

Sinceour experimentwill testthe BCH inequality, we will
briefly discusghe quantummechanicapredictionfor thisin-
equalityasit appliesto the experimentallyrelevant situation
of our experiment(cf. SectionlV C).

Thetestof thestrongBCH-inequalityrequiregshemeasure-
mentof coincidenceatesR44(f1, f) for thesimultaneousle-
tectionof oneparticle of the entanglecpair at detectorl with
spin-up(“1”) in the direction#; andof the otheratomat de-
tector2 with spin-up(“1”) in thedirectionf,; thesinglesrates
Ri+(6;), which aredefinedastherateof detectionof particles
with spin-upin the directiond; at detectori, wherei=1 or 2
mustalsobe measured.The parametefor which the pair is
entangledi.e. polarization time-positionor spin)or thetype
of particle(i.e. photonor atom)thatis entangleds notsignifi-
cantto theamgument.However, wewill concentrat@natomic
systemawith anentanglemenf thespinaccordingo Eq. (1).

The BCH inequalityis formulatedin termsof the ratio of
coincidenceatesto singlesratesfor four differentcombina-
tions of anglesfor the spinmeasuremeritL0, 12. Thequan-
tummechanicapredictionsncludingexperimentaimperfec-
tionsfor the BCH inequalityis givenby [15, 16]:
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wherey isthedetectorefficieng for theatomsandis assumed
to be the samefor both detectorsz, ande_ aredefinedas
€y = Em+em aNde_ = ey —&,,, , respectiely, wheree s is
thetransmissiorof the analyzerdor onespincomponentand
em theleakagehroughtheanalyzerfor theotherspincompo-
nent;e,, andeys arepositive definiteandareassumedo be
identicalfor bothanalyzersSpecifically ¢, ande_ aremea-
suresof the capabilityto discriminatebetweenthe two spin
componentsn a measurementror optimumdiscrimination,
¢4+ ande_ areequalto unity. Thetwo detectoraareassumed
symmetric;they have identical geometriesand f is the de-
tectoracceptancsolid angle;g is the conditionalprobability
thatif oneof the atomsfrom a dissociateddimer entersthe
apertureof onedetectoythenthe otheratomfrom thatdimer
entergheapertureof theotherdetector;N is thetotalnumber
of dissociatingdimersper unit time; F' is a measurdor the
purity of theentangledstate.

In anactualexperimenthegoalwill beto choosgheangles
61, 82, 6}, and 8, suchthat whenthe quantummechanical
predictionsEqs.6 and7 areusedin Eq. (5), theresultingSqm
providesa maximumviolation of the BCH inequality For 6+,
64, 01, 04 equalto 135, 0°, 225°, and90°, respectiely, we
find:

Squi(135°,0°,225°,90%) = %ngu <1+\/§F(z—;>2> ®)
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In orderto obtainthelargestpossibleviolation of theBCH in-
equalityby thequantummechanicaprediction theright hand
sideof Eq. (8) mustexceedone,andthe parameters, g, £ar,
F shouldbe ascloseto unity aspossiblewhile ¢,,, shouldbe
assmallaspossible.

Finally, ary testof the Bell inequalitiesis statisticalin na-
ture; specifically count rateshave statisticalerrorsand the
measuredjuantitiesare ratios of coincidencecountratesto
singlescountrates. Thesestatisticalerrors must be suffi-
ciently smallsothattheresultingerrorin the measuredialue
of S is muchlessthan the magnitudeof the violation (the
amountoy which Squ exceedsone). Specifically it is notthe
magnitudeof the violation, but ratherits comparisonto the
error limits of an experimentallydeterminedvalue of S that
areameasuref thesignificanceof theviolation. As anaside
it shouldbe notedthat someexperimentalparametersnust
be measuredandthereforehave errorsassociatedvith them)
in orderto evaluateSqwm; therefore the quantummechanical
predictionSqwm Will have errorsassociatedvith it.

. LOOPHOLES

Despitea substantiahumberof experimentaltestsof the
Bellinequalitiesno experimento datehasbeenentirelyloop-
hole free [10, 12, 17-20]. Specifically one or more of the
following loopholeswere present:(1) the spatialcorrelation
loophole(2) the detectiorefficiency loophole,and(3) theen-
forcementof locality (communicatiodoophole).

The first loophole - the spatialcorrelationloophole- re-
latesto theidealcasan whichthetwo-particleentangledtate
is generatedy atwo-bodydecaythatinvolvesonly the two
particlesthatareentangled.In this case, nomentumconser
vation ensuresa strongspatial correlationthat is necessary
since the experimentermust make sure that both particles
of an entangledpair end up in the detectors. This loophole
is effectively eliminatedby employingexperimentsbasedon
two-bodyprocessesTheoriginal Bell inequalityexperiments
employingtwo photonatomic cascadesufferedfrom spatial
correlation.Specifically the two entangledarticleswerethe
cascadehotonsbut they wereproducedn the presencef a
third particle,the atom,that carriedoff somemomentumand
smeareautthespatialcorrelationbetweerthe two photons.

The secondloophole - the detectionefficiengy loophole-
originatesfrom experimentalimperfections. Low detection
efficienciesreducethe obsenablecorrelation,sincethe lower
the detectionefficiengy, the lower the probability that both
partnersof an entangledpair will be detected.In particular
the Quantummechanicakxpectationvalue Sgar (Eq. 8) of
theBCH inequalityEg. (5) involvesthedetectiorefficieng 7.
Clearly, if n dropsbelon somecritical level the quantumme-
chanicalpredictionwill alwaysdropbelov one. Thus,a dis-
tinction betweerguantummechanic&ndLHV theoriesis no
longerpossible. For the caseof a symmetricentangledstate
asin Eq. (1) this critical valueis 5. = 0.82 assumingall
otherparameterbeingperfect. However, it hasbeenshovn
thatfor asymmetricentangledstatedi.e. statesor which the
two componenthave weightsdifferentfrom 1/v/2) an effi-



cieny of n..i; = 0.67 would be sufiicient [21]. The great

benefitof atom basedtestsis that photo-ionizationschemes
canprovide high detectiorefficienciesfor almostall elements
of the periodictable[22].

Sincephotondetectordiadrelatively low detectiorefficien-
cies,the CSHSand CH assumptiongcf. sectionl) werein-
troducedin orderto obtain experimentallytestableinequal-
ities. Theseassumptionsllowed oneto obtaininequalities
thatdependnratiosof coincidenceatesto coincidenceaates
(e.g. Eqg. 4) sothatthe detectorefficienty did not appearin
the quantummechanicapredictionsfor theinequality

As pointedoutby Santog19] andasevidentin thequantum
mechanicapredictionEg. (8), high detectiorefficiency alone
is not enoughto testthe BCH inequality High detectionef-
ficienciesmustalsobe accompaniedby a high probability of
actuallydetectingboth particlesof anentangledpair in their
respectie detectorsj.e. a high conditionalprobability g of
finding particle2 in detector2 providedthatparticlel entered
detectorl. This alsorelatesto thefirst loophole,spatialcor
relation.

The third loophole- enforcemenbf thelocality condition
- is alsoknown asthe communicationoophole. It requires
that the choice of correlationmeasuremenfor the two par
ticles be completelyindependenat eachanalyzer Specifi-
cally, onemustguarante@o communicatiorbetweerthetwo
analyzersduring a measuremeni,e. the time interval from
choicesof analyzer”orientations”to detectionmustbe out-
sideeachothersspace-timdight cone.

This meansthat the times requiredfor the two detection
eventsmustbe shortcomparedo thetime requiredfor a light
signalto propagate€from one analyzer/detectoto the other
This involvesnot only a large separatiorbetweerthe two an-
alyzer/detectorsbut also the requirementfor fast detection
schemesndelectronics.Thetime of a detectioneventasde-
finedin this contet is thetime it takesto chooseandsetthe
analysersettingsin a randomfashion,analyzethe spin state,
andcompleteandrecordthe outcomeof the experiment.

Thefirst attemptto enforcethe locality conditionwaspur-
suedby Aspectandcoworkerg[23]. However, theirinnovative
experimentalschemalid notallow a strictenforcemenbf the
locality condition; in particulay they usedperiodic switch-
ing of the polarizerorientationratherthan randomorienta-
tions [18]. Very recentlyZeilinger et al. did succeedn rig-
orouslyclosingthis loophole[24]. Zeilinger’s successepre-
sentsa very importantstepin the clarificationof the EPRar
gument.However, sincetheexperimentwasperformedwith a
detectionefficiengy of approximately5%, the detectionloop-
hole is not yet closed. The ultimate definitive test must be
onethatenforcedocality andsimultaneouslhclosesall other
loopholesassociatedvith previoustests.

IV. ATOM BASED EXPERIMENTS

Significantprogressin the experimentaltestsof Bell in-
equalitieshasbeenachiered. Most of the experimentshave
beenperformedusingphotong23-33. However, in this arti-
clewewill concentratenatombasedxperimentsthesehave
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featureghatmakethemdistinctly differentfrom their photon
basedcounterpart§34]. For example,therearefermionsas
well ashosonsmassie versusmasslesparticles,long lived
entangledstatesandentanglemenproducecdoy directmanip-
ulation of the atomic degreesof freedom. We will briefly
review recentatom basedtestsof Bell inequalitiesand then
concludewith a summaryof the key ideasof the experiment
whichis underwayat TexasA&M University.

A. The Paris Experiments

In the Paris experiments, entanglementetweenatoms
is producedusing a high-Q micro-wave cavity, specifically
throughthe interactionof two completelyindependenRyd-
beig atomswith a commonradiationfield in the cavity. The
two Rydbeg atomspassoneafteranotherthroughthe cavity.
With aproperchoiceof theinteractiortime betweertheatoms
andthe cavity field, entanglemenbetweenthe two atomsis
achieved[35].

While the detectionefficienciesin this experimentare po-
tentially high, the actualcurrentimplementatiorstill haslow
detectionefficienciesandrelatively poor discrimination. Al-
thoughthesecouldbeovercomea principledifficulty for tests
of the Bell inequalitiesbasedon entanglemenin a micro-
maseris thatthe generatiorof the entanglemenis a sequen-
tial processwhich requiresprecisecontrol of the experimen-
tal parametersuchasinteractiontime of the atomswith the
cavity fields,separatiomf atomsetc. Theenforcementf Ein-
steinlocality would alsobe a problemsincethe detectionof
theatomsoccurssequentially

B. The Boulder Experiments

In the Boulder experiment, Winelandand cowvorkers[13]
arethe first groupto closethe detectionefficiengy loophole.
They preparedwo Bet-ionsin anion trap in an entangled
statebetweerntwo HyperfineZeemarsubstatesThetwo sub-
statescan be identified with spin-upand spin-davn andare
therforeequivalentto anentangledstateasdepictedby Eq. 1.

The determinatiorof the spin componentss considerably
more subtlethanin the usualcaseof spin-1/2particles. The
measuremendf a spin componentwith respectto a certain
guantizatioraxisis essentiallyequivalentto aclassicamanip-
ulation of the spin, i.e. arotationontothe quantizationaxis.
The two possibleresultsare parallel or anti-parallel,which
thencanbeidentifiedasspin-upor down with respecto the
guantizationaxis. In the Boulder experiment,the classical
manipulationoccursby irradiating the ion with two Raman
beams,which preparethe ions in a “bright” and“dark” su-
perpositionof the two possibleZeemarsubstatesThe phase
of the Ramanlasersdeterminethe two phases. The actual
measuremendccursby scatteringphotonsoff theions. The
“bright” statedoesscattemphotonswhile the“dark” statedoes
not. The up-upor down-donvn outcomeas definedin Eq. 3
correspondgo both ions bright, or both dark, respectiely.
Equivalently, an up-dovn or down-up outcomecorresponds
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FIG. 1: Schematicof the Texas A&M experiment,which is a re-
alization of Bohm'’s spin-1/2 particle EPR experiment. A *°Hg,

moleculeis dissociatednto an entangledpair of atomsby a two-
photondissociatiorprocessAfter theseparatiorof the'*® Hg atoms
their spincomponentsremeasuredby a two-photonionizationpro-
cess.

to oneion darkandthe otherbright. By manipulationof the
trap potential,the ions canbe shiftedwithin the trap without
influencingthe internal degreesof freedom,i.e. without af-
fecting the entanglementThis shift in positionthenleadsto
achangdn therelative phaseof the Ramarnbeamsasseenby
the two ions, andtherebyenableghe measuremendf “spin”
componentsn arbitrarydirections.

Dueto theproximity of thetwo ionsin thetrap, it is impos-
sible in theseexperimentsto enforcethe locality condition.
In fact, Vaidmanhasamuedthat the situationis even worse
in theseexperimentg[36]. Specifically dueto the detection
of the stateby the scatteringof mary photonsbothdetection
events and the choiceof both analyzerorientationsoverlap
throughoutarelatively long periodof time (ordersof magni-
tudelongerthanthe time requiredfor light to travel between
thetwo ions).

C. The TexasA&M Experiment

Theneedfor atwo-particlesystemin anentangledstatein
thetestof Bell inequalitiessuggestshata diatomicmolecule
might be anideal startinggroundfor suchatest. In fact, as-
suminga nuclearspin 1/2 for eachatom, the nuclearwave
function of the moleculein the separatecaitombasiscanbe
written asin Eqg. 1. This stateis identical to that of the
two spin 1/2 particlesin Bohm’s classicversionof the EPR
gedankeexperiment[9, 10]. The questionis how whether
it is possibleto preparea diatomic moleculein sucha state.
Thisis, in fact, possibleandin additionto our experimentan
approachusingNa; dimerhasbeenproposedy Shimory et
al. [37]. Our experimentis essentiallyan implementatiorof
Bohm'sversionof an EPRexperiment(cf. fig. 1). Foramore
detaileddiscussiorof theexperiment thereadeiis referredto
the following setof referenceg15, 16, 38-42]. The experi-
mentis basedn °?Hg, which hasnuclearspinl=1/2; it is the
first attemptto actuallytestthe BCH inequalitiesi(EqQ.5).
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In our experiment!*°Hg, dimersaregeneratedn a super
sonicjet expansionandarephoto-dissociatedsingtwo laser
beamsn astimulatedRamartransition. Thetwo wavelengths
are at approximately266 nm and 355 nm. Due to the dif-
ferencein the photonenegies,the moleculewill be pumped
ontoadissociatingpartof the potentialenegy surfaceof the
groundelectronicstate. This leadsto the dissociationof the
moleculeandthusto thespatialseparatiorf thetwo atomsin
the entangledstate. The enegy differencebetweena photon
from eachlaserbeamis distributedequallyto the kinetic en-
emiesof the two atoms. Due to momentunmconserationthe
atomswill fly apartin exactly oppositedirections(18C°) in
the centerof-massframe. However, asa consequencef the
initial velocity of thedimersin the supersoniget, the dissoci-
atedatomswill separatatangleof approximateh130 in the
laboratoryframe.

The preparatiorof the entangledstategiven by Eq. (1) re-
quiresselectingamolecularstatewith atotalnuclearspin|=0.
Thisis possibledueto the specificsymmetryrulesfor thetotal
wavefunctionof ahomonucleadiatomicmoleculeconsisting
of two fermions. Thoroughanalysisof thesesymmetrie416]
shavsthatonly the entanglechuclearspinsingletstateis dis-
sociatedf theexcitationtransitionat266nm startsfrom states
whoserotationalquantunnmumberN is even.

Determinationof the correlationin the spin components
of the two entangledatoms as well as detectionof the
atomsis achieved via a state-selectie two-photonexcitation-
ionizationschemeBasedon the selectiorrulesfor electronic
transitions,one canphoto-ionizeonly thoseatomswhich are
in thestatemr = +1/2, i.e. spinup alongthe quantization
axis(cf. figure 3). Sincethe quantizationaxisis determined
by the propagatiordirectionof theleft circularpolarizedaser
beam thespincomponentin ary directionis measuredby ori-
entingthelaserbeamto propagaten thatdirection.

The ionized atomsare detectedn two independentvays,
i.e. by observingooththe photo-ionsandthephoto-electrons.
Thephoto-electronareacceleratedndguidedby staticelec-
tric fields onto a secondaryelectrode(CuBe surface),where
they producesecondarlectronsihe latterarethendetected
by a Channeltrormultiplier. The photo-ionsarefocusedac-
celeratedhrough25 kV, anddirectedonto a slantedAl sur
face wherethey producemary secondaryelectronsthat are
alsodetectedn a Channeltrormultiplier.

Discussion®f critical aspect®f this experimentfollow:

1. purity of the state A high purity selectionof the entan-
gled stateEq. 1 to be dissociateds ensuredsincethe
differentmolecularrotational levels are spectroscopi-
cally well separatedtypically >500 MHz). Further
morethe useof nuclearspinsensureghatthe entangle-
mentis relatively immuneto external influencessuch
asstraymagneticfields. Specifically sincethe nuclear
magneticmomentis very small (approximately1800
timessmallerthanthe electronmagneimoment),its in-
teractionswith the externalervironmentare extremely
weak. Thesefactorsleadto a very robust entangled
statewith very high purity.

2. spatialcorrelation: In orderto beableto measureorre-
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FIG. 2: Conditionalprobability g asa function of the radiusof the
1.5mmlongcylindrical dissociatiorregion for two differentvelocity
spread®f thedissociatingdimers.

lationswith high efficiengy, onemustensurethat, with
high probability, bothof theentanglecaitomsfrom adis-
sociateddimer entertheir respectie analyzers. Since
the photo dissociationprocessconstitutesa two-body
decaythetwo atomswill move apartwith a180° sepa-
rationin the centerof-mass(COM) frame;i.e. thereis
perfectspatial correlationin the COM. Consequently
if the particlesare at rest,and arealsogeneratedn a
point-like dissociationvolume, the conditional proba-
bility ¢ definedin sectionll would be unity. However,
in practicethe spatialcorrelationis not perfectand g
is lessthan unity dueto two factors. First, the disso-
ciationvolumeis not a point; it is macroscopi@ndis
formedby the commonintersectionof the supersonic
jet andthe two lasers. Secondthe laboratoryvelocity
of anatomis the vectoradditionof the dimer velocity
with its COM velocity. Consequentlydueto the small
spreadof the dimer velocitiesin the supersonideam,
thereis a slight smearingof the spatialdistribution of
dissociate@tomvelocitiesin thelaboratoryframe. The
smearings significantlyreducedby usingthe Doppler
effect onthe 266 nm transitionto spectroscopicallge-
lectanddissociatea narrov velocity subgrougrom the
initial dimer velocity distribution. Monte-Carlosimu-
lationsshaw thatin our experimentvaluesof g greater
than0.94canbeexpectedbasednthe geometryof the
beamsandthe velocity selectioncapabilitiesof our 266
nm lasersystem. This valueof ¢ is dominatedby the
velocity spread.If the velocity spreadn our systemis
reducedto Av=0.05m/s, the value of ¢ (greaterthan
~ 0.98)is dominatedvy the sizeof the dissociatiorre-
gion, seefigure 2.

3. analyzerquality: Two basicprocessegan reducethe

quality of the spin analyzer First, a Hg atom could
be erroneouslydetectedasspinup whenit shouldhave
beendetectedasspin down, or vice-versa. Secondan
atomis missedj.e. it shouldhave beendetectedasspin
up, but no detectioneventis obsered. Thefirst error
constitutedeakage while the seconds corresponds$o
nonperfecttransmissiorthroughtheanalyzers.
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FIG. 3: Photo-ionizationschemeusedfor spin analysisof the Hg
atoms. The quantizationaxis is determinecby the propagatiordi-
rectionof theleft handcircular (o) polarized253.7nmlaserbeam.
Theatomhasbeenanalyzedas”spin-up” (mr = +1/2) if it ision-
izedin the two-photonprocess253.7nm + 197.3nm (via the 6° P}
(F=1/2) state). Excitation/ionizatiortransitionsfrom mp = —1/2
correspondo a "spin-down” analysis;by the selectionrule for o —,
Amp = —1, thistransitionmustgo via the 6° P (F=3/2)stateandis
highly suppressedueto its 22 GHz detuningfrom the F=1/2state.

Theoreticalanalysisof the two-photonionization pro-
cessshaws that, for a carefully chosertime separation
betweerthe analysisandionizationlaserpulses trans-
missionin excessof 99% is possible. For 8 ns laser
pulseswith nearFourier transformlimited linewidths,
this requiresa relative time delay of 2-3 ns. This
specificationhas been achieved using a Ti:Sapphire
laseroperatingsimultaneoushat 761.1nm (frequeny
tripled to yield 253.7nm photons)and 789.9nm (fre-
queny quadrupledto yield 197.3 nm photons)[43].
Two factorscan contribute to leakagein our analysis
schemenon-perfectpolarizationof the lasers,and ex-
citation/ionizationtransitionsthroughthe 6°P; (F=3/2)
state. Our simulationsshaw that the latter is the most
significantcontribution to theleakageandis ontheor-
derof 10~3. This leakageoccursdespitethe relatively
large 22 GHz detuningof the 6°P; (F=3/2) statefrom
thecorrect6®P; (F=1/2)state.

4. detectordesignand efficiency After the spin analy-

sisandphoto-ionizationthe Hgt and/orits associated
photo-electronrmust be detectedwith high efficiency
and extremely low background. The latter is particu-
larly importantsincethesignallevel mustbereducedso
thattheprobabilityof morethanoneHg atomin thede-
tectionregion at atime is nagligible (otherwisecoinci-
dencedetweenuncorrelatecatomsfrom differentdis-
sociatingmoleculeswill be obsened). Reducingpho-
toelectrorbackgroundsignalsto anggligible levelis es-
peciallydifficult in avacuumsystemin the presencef
ultravioletlaserbeamghatproducecopiousnumbersf
photoelectronsit walls and surfaces.Backgroundsig-
nalsassociatedvith theion detectorhave beeneasyto
suppresso nggligible levels.



Both the photo-ionandthe photo-electrorareobsened
with independentietectorsFor confirmationof thede-
tection of one of the atomsfrom a dissociateddimer,

therearefour choices.Onecanusethe signalfrom the
photo-iondetectoralone; one can usethe signalfrom

the photo-electromletectomlone;onecanrequirea sig-

nalfrom bothdetectorgan AND configuration);or one
canrequireasignalfrom eitherdetectorfan OR config-
uration). The AND configurationhasthe lowestover

all detectionefficiengy but is leastvulnerableto back-
groundsignals. The OR configurationhasthe highest
overall detectionefficiengy but is most vulnerableto

backgroundsignals.In ary caseall four signals(anion

andelectrondetectorsignalfor eachatomof anentan-
gled pair) arerecordedandthe inequalitycanbetested
usingeachof thechoices.Thisis anexampleof boththe
redundang andthe extensie systematiachecksavail-

ablewith this experiment.

By observingboththephoto-ionandthephoto-electron,
themeasuremerdatainherentlyincludemeasurements
of the detectionefficiencies, since the photo-electron
and photo-ionare perfectly correlated. Knowing the
detectorefficiencies,one canusethe measuredoinci-
denceratesfor entangledatompairsto alsodetermine
the conditional probability ¢ [42]. No a priori mea-
surementsf detectoefficienciesarerequiredthesame
datausedto testthe Bell inequalitycanalsobe usedto
determingheefficienciesof thedetectorsvhile thedata
is beingcollected.

Theacceptancesolid angleof the detectorshouldbe as
large aspossible not only to maximizethe signals(the
usualsituation), but alsoto maximizethe conditional
probability g.

Overall detectiorefficienciescloseto unity for boththe
electronandtheion shouldbe possibleand have been
confirmedby preliminarymeasurementg88].

5. the locality loophole In our experimentthe enforce-
ment of Einsteinlocality, also known asthe commu-
nication loophole, can be implementedby employing
electro-optianodulatord EOM). Specificallythe EOM
togethemwith abeamsplitting polarizercan,in acouple
nanoseconds;hangethe propagationdirection of the
excitation laserbeamandhencethe componenof nu-
clearspin angularmomentumbeingobsened. A sep-
aration betweenour detectorsof approximatelyl2 m
will be necessaryn orderto close the locality loop-
hole. This estimateincludesallowancesfor the selec-
tion of arandomnumbey switchingthe EOM, firing the
nanosecond-detectidasers,the run-time of the elec-
tronsthroughthe detectionsystemincludingthe Chan-
neltron,aswell asdigitizing the detectomutput.

V. SUMMARY

JohnBell’swork on the foundationsof QuantumMechan-
ics continuegto influenceandinspire Physics. The questfor

afinal answelin thetestof Bell inequalitiesandthusthe an-
swerto the questionwhetheror not quantummechanicgs a
completetheorycreatesew ideasfor moreandmorerefined
experiments. Simultaneouslyclosing the existing loopholes
hasproven difficult. However, the atom basedexperiments
thathave emegedin the lastfew yearsareespeciallypromis-

ing.
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