
pr
ep

rin
tAtom basedtestsof the Bell inequalities - the Legacyof John Bell continues....

EdwardS. Fry
�

and ThomasWalther
Departmentof Physics,TexasA&M University, College Station,TX 77843-4242,U.S.A.

(Dated:April 12,2001)
After a brief historicalreview includinga discussionof loopholesassociatedwith previoustestsof the

Bell inequalities,wereview theloophole-freeatombasedexperimentwehaveunderway. It teststhestrong
Bell-Clauser-Horneinequalityandis basedon thephoto-dissociationof

�����
Hg� dimerthat is in a nuclear

spin-1/2entangledstate.This experimentwill becomparedto otherrecentatombasedtests.

This paperis dedicatedto JohnBell whosework not only
inspiredtheexperimentsdiscussedin this paperbut hasalso
hadafar-reachinginfluenceonourunderstandingof theinter-
pretationof quantummechanics.

I. HISTORICAL OVERVIEW

In a period of 30 yearsat the beginning of the last cen-
tury theworld of Physicswasrevolutionized.Now, onehun-
dredyearsafterPlanck’squantumhypothesis,we continueto
be puzzledby thewondersof quantummechanics.We have
learnedto apply conceptssuchasentanglementto problems
in quantuminformation[1, 2]. Otherexamplesof emerging
applicationsthathavearisenin thelastcoupleof yearsinclude
quantumcryptography[3] andteleportation[4–6]. Neverthe-
less,the article publishedin 1935by Albert Einstein,Boris
Podolsky, andNathanRosen(generallyreferredto asEPR)
continuesto fascinateus [7]. EPR argued by meansof a
gedankenexperimentthat quantummechanicsis not a “com-
plete” theory. This incompletedescriptioncouldpresumably
be avoidedby postulatingthe presenceof somehiddenvari-
ables(HV) thatwouldpermitdeterministicpredictionsfor mi-
croscopicevents. The relationof quantummechanicsto HV
could be consideredanalogousto the relation of thermody-
namicsto statisticalmechanics. For example, in a gasthe
thermodynamicquantities,temperatureandpressure,canbe
understoodin terms of microscopic(hidden) valuesof the
speedsand directionsof the individual atoms. In addition,
theHV wouldeliminateconcernsaboutnon-locality.

For many yearsthediscussionwaspurelyphilosophicalin
nature. However, in 1964,JohnBell madea giant stepfor-
ward [8]. Bell revisited the EPRexperimentandconsidered
a versionbasedon theentanglementof spin-1/2particlesthat
wasintroducedby Bohm [9]. The latter hasconceptualad-
vantagesin comparisonto the original EPRexperimentthat
involvesentanglementin positionandmomentum.Thewave
functionof sucha systemcanbewrittenas� �	��
 �
 ��� � ������� ��������� ������� �������� (1)

Thus,for a giventwo particlesystem,if particleoneis found
to havespinup(

�
) in somespatialdirection,particletwo must

necessarilyhavespindown (
�
) in thatdirectionandviceversa.

Specifically, quantummechanicspredictsthatthetotalspinof
this two particlesystemis zero,andthat for measurementof
bothcomponentsin onespecificdirection,theresultswill be
oppositewith unit probability. However, quantummechani-
cally it is not possibleto predict the absoluteorientationof
eitherspin, or to even predictabsolutevaluesfor two of the
componentsof thespinof a particle.

JohnBell showed: (1) Hidden-variabletheoriescanexist
in thecontext of Bohm’s versionof theEPRexperiment.(2)
Any hidden-variabletheorysatisfyingaphysicallyreasonable
conditionof locality (LHV theory, e.g.aclassicaltheory)will
yield statisticalpredictionswhich mustsatisfyrestrictionsfor
certaincorrelatedphenomenasuchasthoseinvolving entan-
gledstates(cf. Eq. (1)). In otherwords,classicaltheoriesput
upperboundson measurementsof thestatisticalcorrelations
betweenthespin componentsof 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 experimentallydistinguishbetweentheLHV andquantum
mechanicalpictures.It shouldbeemphasizedthatnospecifics
of anLHV theoryareinvolved,only its existence.Thusatest
of a Bell inequalityis generalandleadsto discriminationbe-
tweenany LHV andquantummechanics.

Bell’s original formulation of the inequalitieswas ideal-
ized and not readily suited to realistic experimentalcondi-
tions. Several researchershave sinceformulatedother ver-
sionsof the Bell inequalities[10] that aremore experimen-
tally amenable.Well known examplesaretheClauser-Horne-
Shimony-Holt (CHSH) inequality[11] andtheBell-Clauser-
Horne(BCH) inequality[12]. TheCHSHinequalityis
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where
% �

,
% * �

are two valuesof anglesfor the first spin ana-
lyzer and

% �
,
% *�

aretwo valuesof anglesfor thesecondspin
analyzer. In Eq. (2) the quantities

/ #&% � ' % � ,
areexpectation

values,

/ #0% � ' % � , 
87�9:9 #&% �;' % � , � 7	94< #�% �(' % � , � 7�<:9 #0% �(' % � , 3 7	<4< #&% �;' % � ,7	=�>4=0?A@ '
(3)

where 7 9:< #&% � ' % � , is the number of pairs of particles for
whichanalyzer1 (orientedin direction

% �
) wouldgivespinup

for particle1 andanalyzer2 (orientedin direction
% �

) would
give spin down for particle2. Definitions for the other 7 ’s
are analogous. 7 =�>4=0?A@ is the total numberof pairs of parti-
cles. The 7 ’s denotethe numberof pairsof particlesrather
thanactualdetectionevents.Or in otherwords,the 7 ’smean
emergencefrom the analysers,not detection. In this regard
Eq.2 is notanexperimentallytestableinequality. However, if
thedetectorshave 100%efficiency, detectionandemergence
from the analyzerareidenticalandthe inequalityis testable,
e.g. theBoulderexperiment[13]. By makingtheCHSH as-
sumption(thedetectionefficiency is independentof analyzer
orientation),the

/ #0% �1' % � ,
canbe formulatedin termsof ex-

perimentalcoincidencedetectionrates.
Onecanalsomakethealternative CH assumptionthat the

probabilityof detectionwith theanalyzerin placeis lessthan
or equal to the correspondingprobability with the analyzer

removed. From a practicalstandpoint,employingeitherthe
CHSH or the CH assumptionenablesoneto obtaininequal-
ities that dependonly on coincidencerates(”simultaneous”
detectionof both membersof an entangledpair of particles)
and that do not dependon the singlesratesfor detectionof
particlesatonly oneof thedetectors.As aconsequence,these
inequalitiesareindependentof detectionefficiencies.Freed-
manhasobtainedsuchan inequalityin a particularlysimple
form [14], � B # �(�  DC(E , �2B #&F(G  C)E , �B	H 6 �I (4)

where
B # �(�  C)E

) and
B #0F)G  DC(E

) arecoincidencerateswith an-
gles 22.5

E
and67.5

E
, respectively, betweenthe polarization

transmissiondirectionsof thepolarizersfor eachphoton,andB	H
is the coincidenceratewith bothpolarizersremoved. By

contrast,theBCH inequalityis

"$#0% � ' % � ' % * � ' % *�+, 
 B 949 #0% �1' % � , �JB 949 #0% �1' % *� , 35B 9:9 #0% * � ' % � , 3KB 9:9 #0% * � ' % *� ,B � 9 #&% * � , 35B � 9 #0% � , 6 � ' (5)

wherea typical
B 949 #0% � ' % � , denotestheexperimentalcoinci-

dencecountrateswhenbothparticlesaredetectedwith spin
up in the directions

% �
and

% �
, respectively;

B � 9 #0% * � , andB � 9 #0% � , aresinglescountratesat detectors1 and2, respec-
tively. TheBCH inequalityis especiallyimportantbecauseit
providesa direct constrainton the experimentallyaccessible
(observed) detectioncountrates;it doesnot requireany ad-
ditional assumptionsfor experimentalimplementation.How-
ever, it dependson the ratio of coincidenceratesto singles
ratesandis thereforeproportionalto the detectorefficiency.
(By comparison,Eq. (4) dependson theratio of coincidence
ratesto coincidenceratesandthusthe detectorefficiency in
the numeratoranddenominatorof this ratio cancel).Conse-
quently, for low detectionefficiency, the inequality(Eq. 5) is
alwayssatisfiedby the quantummechanicalpredictions;this

is alsorecognizedby noting that the singlesratesin the de-
nominatorarelarge comparedto thecoincidenceratesin the
numerator. Therefore,Eq.(5) canonly beusedfor adefinitive
testif thedetectorshaveveryhighefficiencies.Notealso,that
it is notnecessaryto simultaneouslymeasurebothprojections
in thecaseof theBCH inequality.

Both Eq. (2) andEq. (5) apply to deterministicaswell as
stochastic(a surprisingresult)theories,thatarebasedon lo-
cal hiddenvariables[10]. For a definitive loopholefree ex-
periment,theBCH inequality[12] shouldbetested.Sincethe
BCH inequality containsno additionalassumptions,it pro-
videsthestrongestpossibletest. It is remarkablethatthis in-
equalityhasactuallynotyetbeentested(cf. sectionIII).

Theprincipleproblemfor experimentaltestsof theBCH in-
equalitylies in thefactthatexperimentalimperfectionsgener-
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ally precludea definitive test,i.e. they tendto shift theresult
suchL that the Bell inequalitiesare no longerviolatedby the
quantummechanicalpredictions.

II. THE BELL-CLA USER-HORNE INEQUALITY

Sinceour experimentwill testtheBCH inequality, we will
briefly discussthequantummechanicalpredictionfor this in-
equalityasit appliesto the experimentallyrelevant situation
of our experiment(cf. SectionIV C).

Thetestof thestrongBCH-inequalityrequiresthemeasure-
mentof coincidenceratesR949 #0% �(' % � , for thesimultaneousde-
tectionof oneparticleof theentangledpair at detector1 with
spin-up(“

�
”) in thedirection

% �
andof theotheratomat de-

tector2 with spin-up(“
�
”) in thedirection

% �
; thesinglesrates

RM 9 #0% M , , which aredefinedastherateof detectionof particles
with spin-upin the direction

% M at detectorN , where N =1 or 2
mustalsobe measured.The parameterfor which the pair is
entangled(i.e. polarization,time-position,or spin)or thetype
of particle(i.e. photonor atom)thatis entangledis notsignifi-
cantto theargument.However, wewill concentrateonatomic
systemswith anentanglementof thespinaccordingto Eq.(1).

TheBCH inequalityis formulatedin termsof the ratio of
coincidenceratesto singlesratesfor four differentcombina-
tionsof anglesfor thespinmeasurement[10, 12]. Thequan-
tummechanicalpredictionsincludingexperimentalimperfec-
tionsfor theBCH inequalityis givenby [15, 16]:B 9:9 #0% �;' % � , 
PO �+QSR 7 �I�TVU �W � U � X�Y[Z]\(^ #0% � � % � ,`_ (6)B � 9 #&% � , 
PB � 9 #&% � , 
 O Q 7� U W (7)

where
O

is thedetectorefficiency for theatomsandis assumed
to be the samefor both detectors;U W and U X aredefinedasU W 
 U-a 3 U-b and U X 
 U+a � U+b , respectively, whereU-a is
thetransmissionof theanalyzersfor onespincomponentandU+b theleakagethroughtheanalyzerfor theotherspincompo-
nent; U-b and U+a arepositive definiteandareassumedto be
identicalfor bothanalyzers.Specifically, U W and U X aremea-
suresof the capability to discriminatebetweenthe two spin
componentsin a measurement.For optimumdiscrimination,U W and U X areequalto unity. Thetwo detectorsareassumed
symmetric; they have identical geometriesand

Q
is the de-

tectoracceptancesolid angle;

R
is theconditionalprobability

that if oneof the atomsfrom a dissociateddimer entersthe
apertureof onedetector, thentheotheratomfrom thatdimer
enterstheapertureof theotherdetector;7 is thetotalnumber
of dissociatingdimersper unit time;

Y
is a measurefor the

purity of theentangledstate.
In anactualexperimentthegoalwill beto choosetheangles% �
,
% �

,
% * �

, and
% *�

suchthat when the quantummechanical
predictionsEqs.6 and7 areusedin Eq.(5), theresulting

"Vc�d
providesamaximumviolationof theBCH inequality. For

% �
,% �

,
% * �

,
% *�

equalto 135
E
, 0
E
, 225

E
, and90

E
, respectively, we

find:"Vc�de# �-f C E '4g E ' �)� C E ':h)g E`, 
i�� O R U W � � 3 
 � Y � U
X
U W �

� �
(8)

In orderto obtainthelargestpossibleviolationof theBCH in-
equalityby thequantummechanicalprediction,theright hand
sideof Eq. (8) mustexceedone,andtheparameters

O
,

R
, U a ,Y

shouldbeascloseto unity aspossiblewhile U b shouldbe
assmallaspossible.

Finally, any testof theBell inequalitiesis statisticalin na-
ture; specifically, count rateshave statisticalerrorsand the
measuredquantitiesare ratiosof coincidencecount ratesto
singlescount rates. Thesestatisticalerrorsmust be suffi-
ciently smallsothat theresultingerror in themeasuredvalue
of
"

is much less than the magnitudeof the violation (the
amountby which

"Vc�d
exceedsone).Specifically, it is not the

magnitudeof the violation, but ratherits comparisonto the
error limits of an experimentallydeterminedvalueof

"
that

area measureof thesignificanceof theviolation. As anaside
it shouldbe notedthat someexperimentalparametersmust
bemeasured(andthereforehave errorsassociatedwith them)
in orderto evaluate

"Vc�d
; therefore,thequantummechanical

prediction
" c�d

will have errorsassociatedwith it.

III. LOOPHOLES

Despitea substantialnumberof experimentaltestsof the
Bell inequalities,noexperimentto datehasbeenentirelyloop-
hole free [10, 12, 17–20]. Specifically, one or moreof the
following loopholeswerepresent:(1) the spatialcorrelation
loophole(2) thedetectionefficiency loophole,and(3) theen-
forcementof locality (communicationloophole).

The first loophole - the spatialcorrelationloophole- re-
latesto theidealcasein whichthetwo-particleentangledstate
is generatedby a two-bodydecaythat involvesonly the two
particlesthatareentangled.In this case,momentumconser-
vation ensuresa strongspatialcorrelationthat is necessary
since the experimentermust make sure that both particles
of an entangledpair endup in the detectors.This loophole
is effectively eliminatedby employingexperimentsbasedon
two-bodyprocesses.TheoriginalBell inequalityexperiments
employingtwo photonatomiccascadessufferedfrom spatial
correlation.Specifically, thetwo entangledparticleswerethe
cascadephotonsbut they wereproducedin thepresenceof a
third particle,theatom,thatcarriedoff somemomentumand
smearedout thespatialcorrelationbetweenthetwo photons.

The secondloophole - thedetectionefficiency loophole-
originatesfrom experimentalimperfections. Low detection
efficienciesreducetheobservablecorrelation,sincethelower
the detectionefficiency, the lower the probability that both
partnersof an entangledpair will be detected.In particular,
the Quantummechanicalexpectationvalue

"Vj a (Eq. 8) of
theBCH inequalityEq.(5) involvesthedetectionefficiency

O
.

Clearly, if
O

dropsbelow somecritical level thequantumme-
chanicalpredictionwill alwaysdropbelow one. Thus,a dis-
tinction betweenquantummechanicsandLHV theoriesis no
longerpossible.For thecaseof a symmetricentangledstate
as in Eq. (1) this critical valueis

O;k�l�m = 
 g  Dn �
assumingall

otherparametersbeingperfect. However, it hasbeenshown
thatfor asymmetricentangledstates(i.e. statesfor which the
two componentshave weightsdifferentfrom �+o 
 � ) an effi-
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ciency of
Opk�l�m = 
 g  F)G

would be sufficient [21]. The great
benefitq of atombasedtestsis that photo-ionizationschemes
canprovidehighdetectionefficienciesfor almostall elements
of theperiodictable[22].

Sincephotondetectorshadrelatively low detectionefficien-
cies,the CSHSandCH assumptions(cf. sectionI) werein-
troducedin order to obtain experimentallytestableinequal-
ities. Theseassumptionsallowed one to obtain inequalities
thatdependonratiosof coincidenceratesto coincidencerates
(e.g. Eq. 4) so that the detectorefficiency did not appearin
thequantummechanicalpredictionsfor theinequality.

Aspointedoutby Santos[19] andasevidentin thequantum
mechanicalpredictionEq.(8), highdetectionefficiency alone
is not enoughto testtheBCH inequality. High detectionef-
ficienciesmustalsobe accompaniedby a high probability of
actuallydetectingboth particlesof anentangledpair in their
respective detectors,i.e. a high conditionalprobability

R
of

findingparticle2 in detector2 providedthatparticle1 entered
detector1. This alsorelatesto thefirst loophole,spatialcor-
relation.

The third loophole- enforcementof thelocality condition
- is alsoknown as the communicationloophole. It requires
that the choiceof correlationmeasurementfor the two par-
ticles be completelyindependentat eachanalyzer. Specifi-
cally, onemustguaranteeno communicationbetweenthetwo
analyzersduring a measurement,i.e. the time interval from
choicesof analyzer”orientations” to detectionmustbe out-
sideeachothersspace-timelight cone.

This meansthat the times requiredfor the two detection
eventsmustbeshortcomparedto thetimerequiredfor a light
signal to propagatefrom one analyzer/detectorto the other.
This involvesnot only a largeseparationbetweenthetwo an-
alyzer/detectors,but also the requirementfor fast detection
schemesandelectronics.Thetimeof a detectioneventasde-
fined in this context is the time it takesto chooseandsetthe
analysersettingsin a randomfashion,analyzethespin state,
andcompleteandrecordtheoutcomeof theexperiment.

Thefirst attemptto enforcethelocality conditionwaspur-
suedbyAspectandcoworkers[23]. However, theirinnovative
experimentalschemedid notallow a strictenforcementof the
locality condition; in particular, they usedperiodic switch-
ing of the polarizerorientationrather than randomorienta-
tions [18]. Very recentlyZeilinger et al. did succeedin rig-
orouslyclosingthis loophole[24]. Zeilinger’s successrepre-
sentsa very importantstepin theclarificationof theEPRar-
gument.However, sincetheexperimentwasperformedwith a
detectionefficiency of approximately5%, thedetectionloop-
hole is not yet closed. The ultimate definitive test must be
onethatenforceslocality andsimultaneouslyclosesall other
loopholesassociatedwith previoustests.

IV. ATOM BASED EXPERIMENTS

Significantprogressin the experimentaltestsof Bell in-
equalitieshasbeenachieved. Most of the experimentshave
beenperformedusingphotons[23–33]. However, in thisarti-
clewewill concentrateonatombasedexperiments;thesehave

featuresthatmakethemdistinctly differentfrom their photon
basedcounterparts[34]. For example,therearefermionsas
well asbosons,massive versusmasslessparticles,long lived
entangledstates,andentanglementproducedby directmanip-
ulation of the atomic degreesof freedom. We will briefly
review recentatombasedtestsof Bell inequalitiesand then
concludewith a summaryof thekey ideasof theexperiment
which is underwayat TexasA&M University.

A. The Paris Experiments

In the Paris experiments, entanglementbetweenatoms
is producedusinga high-Q micro-wave cavity, specifically,
throughthe interactionof two completelyindependentRyd-
berg atomswith a commonradiationfield in thecavity. The
two Rydberg atomspassoneafteranotherthroughthecavity.
With aproperchoiceof theinteractiontimebetweentheatoms
andthe cavity field, entanglementbetweenthe two atomsis
achieved[35].

While thedetectionefficienciesin this experimentarepo-
tentially high, theactualcurrentimplementationstill haslow
detectionefficienciesandrelatively poor discrimination.Al-
thoughthesecouldbeovercome,aprincipledifficulty for tests
of the Bell inequalitiesbasedon entanglementin a micro-
maseris that thegenerationof theentanglementis a sequen-
tial process,which requiresprecisecontrolof theexperimen-
tal parameterssuchasinteractiontime of theatomswith the
cavity fields,separationof atomsetc.Theenforcementof Ein-
steinlocality would alsobe a problemsincethedetectionof
theatomsoccurssequentially.

B. The Boulder Experiments

In the Boulder experiment,Winelandandcoworkers[13]
arethe first groupto closethe detectionefficiency loophole.
They preparedtwo Be

W
-ions in an ion trap in an entangled

statebetweentwo HyperfineZeemansubstates.Thetwo sub-
statescanbe identified with spin-upandspin-down andare
therforeequivalentto anentangledstateasdepictedby Eq.1.

The determinationof thespin componentsis considerably
moresubtlethanin the usualcaseof spin-1/2particles. The
measurementof a spin componentwith respectto a certain
quantizationaxisis essentiallyequivalentto aclassicalmanip-
ulationof the spin, i.e. a rotationonto the quantizationaxis.
The two possibleresultsare parallel or anti-parallel,which
thencanbeidentifiedasspin-upor down with respectto the
quantizationaxis. In the Boulder experiment,the classical
manipulationoccursby irradiating the ion with two Raman
beams,which preparethe ions in a “bright” and “dark” su-
perpositionof thetwo possibleZeemansubstates.Thephase
of the Ramanlasersdeterminethe two phases.The actual
measurementoccursby scatteringphotonsoff the ions. The
“bright” statedoesscatterphotons,while the“dark” statedoes
not. The up-upor down-down outcomeasdefinedin Eq. 3
correspondsto both ions bright, or both dark, respectively.
Equivalently, an up-down or down-up outcomecorresponds
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spin component
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FIG. 1: Schematicof the Texas A&M experiment,which is a re-
alization of Bohm’s spin-1/2particle EPRexperiment. A

�����
Hg�

moleculeis dissociatedinto an entangledpair of atomsby a two-
photondissociationprocess.After theseparationof the

�����
Hg atoms

their spincomponentsaremeasuredby a two-photonionizationpro-
cess.

to oneion darkandthe otherbright. By manipulationof the
trappotential,the ions canbe shiftedwithin the trapwithout
influencingthe internaldegreesof freedom,i.e. without af-
fecting theentanglement.This shift in positionthenleadsto
a changein therelativephaseof theRamanbeamsasseenby
the two ions,andtherebyenablesthemeasurementof “spin”
componentsin arbitrarydirections.

Dueto theproximity of thetwo ionsin thetrap,it is impos-
sible in theseexperimentsto enforcethe locality condition.
In fact, Vaidmanhasarguedthat the situationis even worse
in theseexperiments[36]. Specifically, dueto the detection
of thestateby thescatteringof many photons,bothdetection
eventsand the choiceof both analyzerorientationsoverlap
throughouta relatively long periodof time (ordersof magni-
tudelongerthanthe time requiredfor light to travel between
thetwo ions).

C. The TexasA&M Experiment

Theneedfor a two-particlesystemin anentangledstatein
thetestof Bell inequalitiessuggeststhata diatomicmolecule
might be an idealstartinggroundfor sucha test. In fact, as-
suminga nuclearspin 1/2 for eachatom, the nuclearwave
function of the moleculein the separatedatombasiscanbe
written as in Eq. 1. This state is identical to that of the
two spin 1/2 particlesin Bohm’s classicversionof the EPR
gedankenexperiment[9, 10]. The questionis now whether
it is possibleto preparea diatomicmoleculein sucha state.
This is, in fact,possible,andin additionto ourexperiment,an
approachusingNa

�
dimerhasbeenproposedby Shimony et

al. [37]. Our experimentis essentiallyan implementationof
Bohm’sversionof anEPRexperiment(cf. fig. 1). For a more
detaileddiscussionof theexperiment,thereaderis referredto
the following setof references[15, 16, 38–42]. The experi-
mentis basedon

��r4r
Hg,whichhasnuclearspinI=1/2; it is the

first attemptto actuallytesttheBCH inequalities;(Eq.5).

In our experiment

��r4r
Hg
�

dimersaregeneratedin a super-
sonicjet expansionandarephoto-dissociatedusingtwo laser
beamsin astimulatedRamantransition.Thetwowavelengths
are at approximately266 nm and 355 nm. Due to the dif-
ferencein thephotonenergies,themoleculewill bepumped
ontoa dissociatingpartof thepotentialenergy surfaceof the
groundelectronicstate. This leadsto the dissociationof the
moleculeandthusto thespatialseparationof thetwo atomsin
theentangledstate.Theenergy differencebetweena photon
from eachlaserbeamis distributedequallyto thekinetic en-
ergiesof the two atoms.Dueto momentumconservation the
atomswill fly apartin exactly oppositedirections(180

E
) in

thecenter-of-massframe. However, asa consequenceof the
initial velocityof thedimersin thesupersonicjet, thedissoci-
atedatomswill separateatangleof approximately130

E
in the

laboratoryframe.
Thepreparationof theentangledstategivenby Eq. (1) re-

quiresselectingamolecularstatewith atotalnuclearspinI=0.
Thisis possibledueto thespecificsymmetryrulesfor thetotal
wavefunctionof a homonucleardiatomicmoleculeconsisting
of two fermions.Thoroughanalysisof thesesymmetries[16]
shows thatonly theentanglednuclearspinsingletstateis dis-
sociatedif theexcitationtransitionat266nmstartsfrom states
whoserotationalquantumnumberN is even.

Determinationof the correlationin the spin components
of the two entangledatoms as well as detection of the
atomsis achievedvia a state-selective two-photonexcitation-
ionizationscheme.Basedon theselectionrulesfor electronic
transitions,onecanphoto-ionizeonly thoseatomswhich are
in thestate sut 
83 �-o � , i.e. spin up alongthequantization
axis(cf. figure 3). Sincethe quantizationaxis is determined
by thepropagationdirectionof theleft circularpolarizedlaser
beam,thespincomponentin any directionis measuredby ori-
entingthelaserbeamto propagatein thatdirection.

The ionizedatomsaredetectedin two independentways,
i.e. by observingboththephoto-ionsandthephoto-electrons.
Thephoto-electronsareacceleratedandguidedby staticelec-
tric fields onto a secondaryelectrode(CuBesurface),where
they producesecondaryelectrons;thelatterarethendetected
by a Channeltronmultiplier. Thephoto-ionsarefocused,ac-
celeratedthrough25 kV, anddirectedonto a slantedAl sur-
facewherethey producemany secondaryelectronsthat are
alsodetectedin aChanneltronmultiplier.

Discussionsof critical aspectsof thisexperimentfollow:

1. purity of thestate: A highpurity selectionof theentan-
gled stateEq. 1 to be dissociatedis ensuredsincethe
different molecularrotational levels are spectroscopi-
cally well separated(typically v 500 MHz). Further-
moretheuseof nuclearspinsensuresthattheentangle-
ment is relatively immuneto external influencessuch
asstraymagneticfields. Specifically, sincethenuclear
magneticmomentis very small (approximately1800
timessmallerthantheelectronmagnetmoment),its in-
teractionswith theexternalenvironmentareextremely
weak. Thesefactors lead to a very robust entangled
statewith very highpurity.

2. spatialcorrelation: In ordertobeabletomeasurecorre-
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FIG. 2: Conditionalprobability | asa functionof the radiusof the
1.5mmlongcylindrical dissociationregionfor two differentvelocity
spreadsof thedissociatingdimers.

lationswith high efficiency, onemustensurethat,with
highprobability,bothof theentangledatomsfromadis-
sociateddimer entertheir respective analyzers.Since
the photo dissociationprocessconstitutesa two-body
decay, thetwo atomswill move apartwith a180

E
sepa-

rationin thecenter-of-mass(COM) frame;i.e. thereis
perfectspatialcorrelationin the COM. Consequently,
if the particlesareat rest,andarealsogeneratedin a
point-like dissociationvolume, the conditionalproba-
bility

R
definedin sectionII would beunity. However,

in practicethe spatialcorrelationis not perfectand

R
is lessthanunity dueto two factors. First, the disso-
ciation volumeis not a point; it is macroscopicandis
formedby the commonintersectionof the supersonic
jet andthe two lasers.Second,the laboratoryvelocity
of an atomis the vectoradditionof thedimer velocity
with its COM velocity. Consequently, dueto thesmall
spreadof the dimer velocitiesin the supersonicbeam,
thereis a slight smearingof the spatialdistribution of
dissociatedatomvelocitiesin thelaboratoryframe.The
smearingis significantlyreducedby usingtheDoppler
effect on the266nm transitionto spectroscopicallyse-
lectanddissociatea narrow velocitysubgroupfrom the
initial dimer velocity distribution. Monte-Carlosimu-
lationsshow that in our experimentvaluesof

R
greater

than0.94canbeexpectedbasedonthegeometryof the
beamsandthevelocityselectioncapabilitiesof our266
nm lasersystem.This valueof

R
is dominatedby the

velocity spread.If thevelocity spreadin our systemis
reducedto }�~ =0.05 m/s, the valueof

R
(greaterthan� 0.98)is dominatedby thesizeof thedissociationre-

gion,seefigure2.

3. analyzerquality: Two basicprocessescan reducethe
quality of the spin analyzer. First, a Hg atom could
beerroneouslydetectedasspinup whenit shouldhave
beendetectedasspin down, or vice-versa.Second,an
atomis missed,i.e. it shouldhave beendetectedasspin
up, but no detectionevent is observed. The first error
constitutesleakage,while thesecondis correspondsto
nonperfecttransmissionthroughtheanalyzers.

Analysis (253.7 nm)
σ−−−−

Ionization limit

6  P
3

1
(6s6p)

6  S1
0(6s  )2

F=3/2

F=1/2

F=1/2

m   = ++++1/2 ++++3/2−−−−3/2 −−−−1/2F

22 GHz

°
Level 2

Level 1

Level 3 F=1/2

Ionization (197.3 nm)

   P3
0(6p  )2

FIG. 3: Photo-ionizationschemeusedfor spin analysisof the Hg
atoms. The quantizationaxis is determinedby the propagationdi-
rectionof theleft handcircular( ��� ) polarized253.7nmlaserbeam.
Theatomhasbeenanalyzedas”spin-up” ( �u���2���`�-� ) if it is ion-
ized in the two-photonprocess,253.7nm + 197.3nm (via the6� P��
(F=1/2)state). Excitation/ionizationtransitionsfrom ���������`�-�
correspondto a ”spin-down” analysis;by theselectionrule for � � ,� �u���K��� , this transitionmustgovia the6� P�� (F=3/2)stateandis
highly suppresseddueto its 22 GHz detuningfrom theF=1/2state.

Theoreticalanalysisof the two-photonionizationpro-
cessshows that, for a carefullychosentime separation
betweentheanalysisandionizationlaserpulses,trans-
missionin excessof 99% is possible. For 8 ns laser
pulseswith near-Fourier transformlimited linewidths,
this requiresa relative time delay of 2-3 ns. This
specificationhas been achieved using a Ti:Sapphire
laseroperatingsimultaneouslyat 761.1nm (frequency
tripled to yield 253.7nm photons)and789.9nm (fre-
quency quadrupledto yield 197.3 nm photons)[43].
Two factorscan contribute to leakagein our analysis
scheme,non-perfectpolarizationof the lasers,andex-
citation/ionizationtransitionsthroughthe6� PE � (F=3/2)
state. Our simulationsshow that the latter is the most
significantcontribution to theleakage,andis on theor-
derof � g X � . This leakageoccursdespitethe relatively
large 22 GHz detuningof the 6� PE � (F=3/2)statefrom
thecorrect6� PE � (F=1/2)state.

4. detectordesignand efficiency: After the spin analy-
sisandphoto-ionization,theHg

W
and/orits associated

photo-electronmust be detectedwith high efficiency
andextremely low background.The latter is particu-
larly importantsincethesignallevel mustbereducedso
thattheprobabilityof morethanoneHg atomin thede-
tectionregion at a time is negligible (otherwisecoinci-
dencesbetweenuncorrelatedatomsfrom differentdis-
sociatingmoleculeswill be observed). Reducingpho-
toelectronbackgroundsignalsto anegligible level is es-
peciallydifficult in a vacuumsystemin thepresenceof
ultraviolet laserbeamsthatproducecopiousnumbersof
photoelectronsat walls andsurfaces.Backgroundsig-
nalsassociatedwith theion detectorhave beeneasyto
suppressto negligible levels.
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Both thephoto-ionandthephoto-electronareobserved
with independentdetectors.For confirmationof thede-
tectionof oneof the atomsfrom a dissociateddimer,
therearefour choices.Onecanusethesignalfrom the
photo-iondetectoralone;onecanusethe signal from
thephoto-electrondetectoralone;onecanrequireasig-
nal from bothdetectors(anAND configuration);or one
canrequirea signalfrom eitherdetector(anORconfig-
uration). The AND configurationhasthe lowestover-
all detectionefficiency but is leastvulnerableto back-
groundsignals. The OR configurationhasthe highest
overall detectionefficiency but is most vulnerableto
backgroundsignals.In any caseall four signals(anion
andelectrondetectorsignalfor eachatomof anentan-
gledpair) arerecordedandtheinequalitycanbetested
usingeachof thechoices.Thisis anexampleof boththe
redundancy andthe extensive systematicchecksavail-
ablewith this experiment.

By observingboththephoto-ionandthephoto-electron,
themeasurementdatainherentlyincludemeasurements
of the detectionefficiencies,since the photo-electron
and photo-ionare perfectly correlated. Knowing the
detectorefficiencies,onecanusethemeasuredcoinci-
denceratesfor entangledatompairsto alsodetermine
the conditionalprobability

R
[42]. No a priori mea-

surementsof detectorefficienciesarerequired;thesame
datausedto testtheBell inequalitycanalsobeusedto
determinetheefficienciesof thedetectorswhile thedata
is beingcollected.

Theacceptancesolidangleof thedetectorsshouldbeas
largeaspossible,not only to maximizethesignals(the
usualsituation),but also to maximizethe conditional
probability

R
.

Overalldetectionefficienciescloseto unity for boththe
electronandthe ion shouldbe possibleandhave been
confirmedby preliminarymeasurements[38].

5. the locality loophole: In our experimentthe enforce-
ment of Einstein locality, also known as the commu-
nication loophole,can be implementedby employing
electro-opticmodulators(EOM).Specifically, theEOM
togetherwith abeamsplittingpolarizercan,in acouple
nanoseconds,changethe propagationdirection of the
excitation laserbeamandhencethe componentof nu-
clearspin angularmomentumbeingobserved. A sep-
arationbetweenour detectorsof approximately12 m
will be necessaryin order to close the locality loop-
hole. This estimateincludesallowancesfor the selec-
tion of arandomnumber, switchingtheEOM,firing the
nanosecond-detectionlasers,the run-timeof the elec-
tronsthroughthedetectionsystemincludingtheChan-
neltron,aswell asdigitizing thedetectoroutput.

V. SUMMARY

JohnBell’swork on thefoundationsof QuantumMechan-
ics continuesto influenceandinspirePhysics.Thequestfor

a final answerin thetestof Bell inequalitiesandthusthean-
swerto the questionwhetheror not quantummechanicsis a
completetheorycreatesnew ideasfor moreandmorerefined
experiments. Simultaneouslyclosing the existing loopholes
hasproven difficult. However, the atom basedexperiments
thathave emergedin thelastfew yearsareespeciallypromis-
ing.
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