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Wehaveexpenmentallymeasuredthecross-coITelationofneutronalTival timesmthedetectorsofaneutron
interierometer・Acompaljsonoftheexpermentalresultsismadefbrbo山achoppedand山1-choppedmcidentneutron
beam.Theexperimentallydetectedcross-coITelationsarepresentedandcomparedwiththetheolybasedonthePoissoman
statisticsoftnllyrandomevents・ ByvarymgtheneutroninteribrometricphasewelookfbrquantumefYEctsinthe
cross-coITelationswhicharenotexplainablebytheclassicalPoissomanstatistical theonﾉ.Wehavealsoplaced57%
emcientdetectors,whicharevirtuallyphasetransparent,msidethemterierometer(madditiontothestandard99%
absoIptiondetectorsintheexitbeams)

Chopper,NeutronlnterferometryKEYWORDS: POirCorrelotion,

1.IntmductiOn

Recent neutron interferometryexperiments'~6) have
measuredtheneutroncoherenceeHectsdescribedbvthe

auto-con℃latiOnfimCtiOn7,8)

〈叩0)･皿("》， ’'）r(1)(A,r-0)-

C2

cient

tectors

whereAisthespatialdelayoftheneutronwavepacket.

Theseexperimentsmeasuredthelongitudinal,verticaland

transversecoherencelengths(50A×200A×50,000A)
Thecoherencetimemaybecalculatedfromf=A7VO

whereAcisthecoherencelengthandvo(~2000m/s)isthe

groupvelocityofthewavepacket.Thiscalculationgivesa

valueof～10~'2sastheexpectedcoherencetime. Sucha
smallcoherencetimeiswellbeyondtheunceltainqr limit

(~10.6s)imposedbycurrentneutrondetectiontecmology.
Itisthenexpectedthatthemutualcoherence血nction､fbr

neutronpairs, reduces totheclassicalpaircorrelaUon

fimctionibrrandomlyamvingneutrons7-9), i.e.,

rj2'(A,r)-(I｡1,0)j(A,r). (2)

InEq. (2)"q"and{ib''distinguishtwodiHerentdetectors.
Previousexpenmentshaveexaminedthecasewhendand6

are thesamedetector'0). Intmsexperimentweare
interestedincorrelatingpairs,inseparatedetectors(i.e.,
α幼),onatimescalewhichisonmesameorderasthe

detectortemporalresolution(~5ILs) toseeiftheoryand

experimentmatch.

Thisexperimentwasperfonnedat theUmvers町of
MissouriResearchReactorCenteronthebeamportC
interferometlystaUonwhiChoperatesatafixednomnal

wavelength lF2.35A (v=1.683mm/ILs). This
interferometersetupha5theadvantageofhighnuxand
goodlong-termstabiliW.
Inadditiontothesmndard99%eHicientOandHbeam

detectorswehaveplacedtwodeにctorswithroughly57%
eniciencyinsidethebackhalfoftheinにIferometer(see

Fig.l).Bywrappingthesedetectorswithtitamum,which

hasanegativescatteringlength,weexploitedtheneutron
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Fig. 1.Theexperimentalsetupusedinthisexperimentisshown
inthetoppanel. Intheabove6gureaperftctsiliconcrystal
interfErometer(distancebetweenblades=5cm,bladethickness
＝0.35cm)splitsabeamofneutronSwhiChhaspassedthrough

a4mmx10mmslitnearatpoint ,!A".AtpointsBandCthe
beamsare reHectedsothattheytravel throughtwo57%
efYicientHe-3detectorstomeetatpointD・Theoutgoing
beamsafterpointDarecoherentlinearcombinationsofthe
wavefi,nctionafierhavingtraversedpathslandll.An
aluminumslabextendsacrossbothbeamstoallowtherelative

phaseshiftbetweenthetwopathstobevaried.Thelower
panelshowsthevariationofintensityfbrthefburdetectorsas
thealuminumslabisrotated.
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phaseechoenecttorenderthesedetectorsvinuallyphase
tranSparent4).
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2.Un-ChoppedExperiment
InthefIrstpartofthisexperimenttheamvaltimesof

neutronsinthedetectorsaremeasured. Aiiercorrecting
fbrthetime-offlightbetweentheSeparatedeにctor､l05-
109lLs)itwillbeshownhowtheneutronsarediSmbuにdin
timebetweentheindividulaldetectors.

TheOandHbeamintensitieSarefilnctionsoftherelative

phasediHerencedPbetweentheneutronwavewhich

traversespathllandthewavewhichtravelspath1.TheO
andHbeamintensitiesaregivenby''､'2）

(+CIc｡s(M(6)+AA》， (3a)ノo=Io

（△β(5)+Afb), (3b)ノ〃＝ノ〃－ノoCjcos

0

0.00 0．02 0.04 0．06

T(seconds)

Fig.2. Thepaircorrelationfimctionfbrneutronsdetectedin

detectorC2andC3fbrtwodifYErentphaseshiftsA"Each
pointistheaveragenumberofpairsperseconddetectedinan

intervalAI=4.1ms.Thesolidlinerepresentsa6ttoEq. (7).

densityfbra幼maybewnttenas

砿韮(A',r)-ll* （6）

＝/6(AB)e-('｡(A')"@(△β))r ，

wlUchisadecayingexponentialinpairspacingtimez
Thepaircorrelationmnction is theproduct ofthe
intensityindetector｣lQ''andtheneutronpairprobabiliO/
filnction

whereノoistheaveragecountingrateintheObeam, ノ〃

istheaveragecountingraにintheHbeam,△風のisIhe

phaseshifiduetoUlealuminmnphaserotatornagandAA
istheonSetphaseshift(emptyinterferometer)between
pathllandpathl.Theintensityinthedetectorsinsidethe

interferometerareexpectedtobeconstantas△成句is
varied. Thesesingleparticle intensityvariationsare
recordedinordertoseparatethemfromanyanomaloustwo

particleintensitycorrelations.

TheimtialcontrastCj isdefinedbytheminimumand
maximumcountingratesinC2andC3, i.e.,

Irnax－Imin

q=ﾉmax十ﾉmin （4）●

'H6(",r)=I｡(△β)脇→b(",r) . (7)
InFig.2thedataCollectedwhenqisdeにctorC2andbis

detectorC3iSplottedalongwithEq. (7).

TlledataplotiedinFig.2weremeasuredbyrecordingthe
timeofamvalofeachneutronusingfburOrtecMCSII
cardswhichwerepluggedintothebusslotsofaHewlett
Packard486PC.TheMCScardswereusedtocountthe

numberofClOckpulses(pulseperiod=0.820ILs)between
neutronamvals. Bycountingclockpulsestheabsolute
timeofamvalofeachneutronwasrecorded.

Inthisexperimenttheneutronswhichardvewithsmall

pairspacingtimerareexaminedsincetheseneutronsare

themost likely to exhibit anomalous correlations.

Sununingthepairsamvingpersecondfbrpairspacings
betweenOand,Sax通gives

●

◆2

1．→6(M)= 1rg'(△β,収『
0

Theimtialcontrastislessthanunityduetoimperfections
intheinterferometercrystal,vibralionintheexpenmental
setup, andunavoidabledensityvariations across the
transmissiondetectorsinsidetheinterferometer.

Tbcorrelateallfburdetectors, itisnecessarytodevelopa
theoIytodescribetheprobabiliOrofcountinganeutronata

timei+Zinanyoneofthefburdetectors,afierhaving
countedapreviousneutroninoneofthedetectorsatatiIne
r. Itwillbeassumedthattheneutronsfromthereactor

arnveatrandomtimes inthedetectors. Forrandomly
arrivingneutrons theprobabilityp=/4f represents the
probabilityofmeasuringaneutroninatimeintervaldr. It

isrequiredthatpbeconstantandthatp<<lwhichmay
easilybeguaranteedbypicking4rappropriatelysmall.
Theprobabilityofdetectinganeutronindetector"b"ata

timef="alaterafierhavingmeaSuredaneutronin
detector"q"atatimefisthen

ll=2'41
(喝(△β)+4(△β))喝

(｡鯛隠:WW::W:)しﾘｶｰ

('WM鯛蛎驚脚弓X

I('-,')"1"[('-,')"-1,'}吾＝

=L(M)4(△β)ら

（8）

ItisnecessaIytofocusonneutronsarrivingattimescales
greaterthanthedetectiontimeuncertainty(~5ﾄLs),andsoa
comparabletimescaleof41ILswaschosen.ThisUmescale

is also comparable to the time-offlight across the
interferometerwhichis77ILs. InFig.3thedataareplotted
alongwithEq. (8)fbrthistimescaleasafilnctionofthe

relativesinglepaniclephasediHerenceA"Byvaryingthe

(5）

wherep｡=Jb4r,p6=Ibdrand"isanintegergreaterthanor
equaltol.UsingEq. (5)theneutronpairprobabilib'
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singlepamclephaseshifiviathephaseshifier,theimensity

loss or gaindue to singlepamclecorrelations are

diStinguished fromthe intensitydiHerences due to
unexpected,twoparticlecorrelations.Neutronsamvingin

thedetectorsappeartoberandomlydismbutedwithno
correlationeHectsbeyondthosepredictedbyclassical
Poissonianstatistics.
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3.ChoppedExperiment
AFennichopperwasaddedtotheexperimentalsetupas

isshowninFi9.4.Thischopperwasincorpomtedintothe
experimental semp inorder to look fbr anomalous
correlationsbetweenanytwoneutrons Iocalized ina

choppedpulse.

ThischopperwasbuiltbytheURANITCoIporationand
wasoperatedatarotationalfifequencyj=30,000Ipm.The

chopperwheelhasl2equallyspacedslitswhicharelo
wide. Thechoppercreatespulseswhenthemovingslits
passastationaryslit.At30,0001pmthefilllwidthathalf

maximumofthesepulsesisaround5.611satmechopp"

spreadingoutdownstreamatdetectorC4to6.5卜Ls.6)F2ch
pulseisseparatedfromthenextbyal66.7ILsnighttime.

TbdesCribe thechoppeddataaprobabilityrelation

similartoEq． (6)willbederivedinwhich itwillbe

assumedthat neutronsarearnving randomlyat the

chopperfromthereactor.Thesepulsesthentravelintothe

interferometerwhereeachdetectorhasacertainprObability

ofdetectinganeutronwithinthepulsedependingonthe

countingrate inthedetector・ Foratriangularshaped

chopperpulseshowninFi9.5,theprobabilib'ofmeasuring

aneutronatanytimetisgivenby

＆ Ⅷ
p(r)=rA'

where盈酉I-roandrOisthecenterofthechopperpulse,

/cisthefilllwidthathalfmaximumofthechopperpulseat

thedetectoI;andristheaveragecountingratewllenthe
beamisnotchopped(thisrateismuchlessthantherates

showninFi9.lduetothesmallslituSedonthechopper).

Theprobabilityofmeasuringaneutronindeにctor"6''ata

timel+Zafiermeasuringapreviousneutronindetector"q''

isgivenby(asbefbre)

｛鞭織(','"''1"f…(1)＝

In-'｢×

（10）

wheretllesuperscriptcisusedtodistinguishthechopped
andun-choppedprobabilityfimctionS. Since(ﾉb+/j)f<<l
eq. (10)simplifiesto

ノ:=〃

-Z(！｡(I+ﾉAI)+I6(I+ﾉﾑ'))A!

"&(',r)-'b(M,i+r)Aie7:; フ

（11）

orintennsoftheneutronpairprobabiliWdensiW

､JJV
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Fig.3.TheaveragepaircoITelationfilnctionisplotted(or

arrivaltimesbetweenZ=0and r=41ILsasafilnctionofthe

spatialphaseshift.Thesolidlineisthetheoreticalvaluebased
onEq. (8).
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Fig.4.TheplacementofaFermichopperrelativetothe
interftrometerisshown.Thestationa】yslitonthechopperis
a1.5mmxZOmmslitwhichmatchesthesizeoftheloslitson

thechopperwheel.Ontheinterfbrometeris4mm×10mmslit.

) ，
I
I(neutrons/s)ホ

豆
魂

Ｃ
ｊ州Ｆ

Fig.5.Theshapeofatriangularintensitypulsecreatedbythe
Chopper.
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／A1(',r)=隅脈…"f→6 4.Conclusion

Theneuironpaircorrelationshavebeenexamnedfbra
Poissomansourceofneutrons.Thesameresultsobtained

inEqs. (5)-(7) canbeobtainedwithout theuseofan
interierometerbyconsideringthecountingstatisticsofa

palTicle beam. However, the use of a neutron

interferometerisuniqueinthatmerearenoguaranにesulat

paircorrelationsinaneutroninterferometerwillbethe
sameasthoseobservedinaparticlebeam,untilsuchafact

hasbeendemonstratedexperimentally. Theresultsofthis

experiment showthat thetwoareequivalent fbrpairs

separatedbycuITentlyresolvablenighttimes.

Thcun-choppcddataagreewithwhat isexpectedfbr

randomlyamvingneutrons separated inUmeby the

detectortemporal resoluUonof～5ILs. Thechoppeddata
agreequalitativelywiththetheoryofrandomlyamving

neutronsinthatthecountingrateisnothigherorlower

thanexpecledbasedonPoissomanstatistics.However,low

countingstaUsticslimitstheaccuracyofthechoppeddata.

Tbsignificantlyimprovethequalityofthechoppeddata, it

isneccssalytocountfbralongerpenod(e.9.ayear). The

intensiWandtemporal resolutioncouldbe improved,

withouttheuseofachopper, iffasterdetectorsareused
instead.

TbpeIfbnncorrelationexperimentsinwhichquanmm

mechamcal anti-bunchingenects areexpected tobe

obsewable, ahigherneutronnuxsourCeandgreater

detectortimeresolutionarenecessary. Experimentsusing

detectorscapableofresolvingpairspacingsontheorderof

10~'2s,withcurrentneutronnuxrates,wouldbehampered
byextremelylowcountingstatistics、 evenifthis time

resolutioncouldbeachieved.FromEq. (8)wecanestimate

withtheparametersusedinlhispaper,thatwecouldexpect

onaverage, tomeasureonlyonepairspacedwithinthe

ensemble, longimdinalcoherencetimeeveIy30years.

Oneofus(D.L.J.)wouldliketoacknowledgetheusehll
discussionswithYUjiHasegawa(Wien). Wewouldalso

liketoacknowledgesuppoltfromNSEPhysicsDivision

Grant No. 9024608; Fond zur FOrderung der
WissenschafilichenForschung(PrqjektNo.P8456).

『十丁

-I"'(I｡(!')"'(!'))
=I6(",'+r)e ; （12）

-16(",'+r),

wherethefact that thepulSewidthisSmallwasused.

EquaUon (12) represents theprobabiliWdensity fbr

detectinganeutronindetector !l6"atatimef+z;afier

havingdetectedapreviousneutronindetector"q"atatime
r.

ThechopperpaircolTelationfUnctionisthen

IW(M,',r)=I｡(",')4(M,!+r). ('3)

InSteadofrecordingthetimeofarrivalofneutronsinthe

choppedpulses,thetotalnumberofneutronsineachpulse

arecountedandstoredsequenUallyintheMCSIIcards‐

mentionedinSection2.Mostpulsesdonotcontainany

neutrons;howev"avelysmallpercentageofthepulses
containoneneutronandevenfewercontaintwoneutrons.

Pulseswithtwoneutronsallowedmultipledetectorstobe

correlated. Sincethedetectionsystemisnotcapableof

distinguishingbetweenamvaltimesjandpairspacingsTit

isnecessarylosumoverallpairspacingsZandaverage

overallamval timesr inEq． (15) toaChievethepair

countingrate

¥idr｣獅噛(",r), ('4)/:_"(M)=五。 -15ff
wherethefactor30comesfifomavemgingl2slitsaround

the360degreesonthechopperwheel. Substitutingthe

mangularshapedpulseofEq. (9)intoEq. (14)gives

I;_"(")=Z(△β)兎(△β)(rc/72), (15)

whichisplottedwiththeexperimentaldatainFi9.6.
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Fig.6.Thedatatakenfbrthechoppedpaircorrelation
experiment.Thecrosscorrelateddetectors"a'' and"6'are

“”

indicatedintheupperrighthandcomerofeaChplot・The
solidlinerepresentsthetheoreticalpredictionbasedonEq.
(15).Thesedatarepresentthehighestresolutionfbrneutron
paircorrelationsachievedinthisexperiment.




