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Wepreselltpreliminaryresultsofanon-goingneutroninterferometricsearchibrevidencefbraquantummechanicsbased
uponthequatemonnumberfield.FollowingaproposalofKlem,theexperhnentslookibrnon-commutativequatemionic
modificationsinthemteractionofaneutronwithpairsoftheknownfilndamentalfbrces(strong,electromagneticand
gravitation)takeninpennutedorder.
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2.Expemment

Thisworkmmstoparticleinterferometlyandare-
ex3minationoftheinteractionofnon-relativisticmatler-

waveswiththepredicにdquatemiomcpotentialsofthe

classical fields.6~8) Notknowingtheexactfbnnthata
quatemionicpotentialwould take、 the rationale fbr

expenment isbasedontheobselvationthatquatemion

algebra is non-conunutativewith the inferencemat

quanmmmechamcswillbehaveinasimilarway.Thebasis

ofsuchanexpenment isthat, inacomplextheoIy, the

imaginarypartofaplanewavetransmittedthroughapair

ofsquarepotentialbamersisindependentoftheorderof

thebamers.However, inQQM, iftheoperatorsarenot

collineartheoperatorsrotatetheimaginaryquatemiomc

componentsofthewaveaboutquaternionicdirections

normaltotheArgandplane(theplanedetenninedbythe

operators),andgiverisetonon-commutativephaseshifis,

aSwillnowbeexplained.

ConsiderthetheoreticalinteIferometershowninFi9.1,

apairofidenticalquatemionicphaseshifiers(potentials)

areplacedinreversedorderineacharm.Thissituation

givesrisetoanintensiqﾉof

1.Introduction

Inl936,BirkhofandvonNeumann')wereunabletofind
anynaturalhypotheses thatquantumtheoriesmustbe

describedbycomplexquantummechanics. Sincethen, it

hasbeenshownthatamathematicallyselfLconsistent

quantumtheoIyispossibleinaHilbertspaceoverthe

quatemionicnumber field,Q, andpresents aviable

altemativetothestandardcomplexfbnnulation.2'3)
Quaternions4)arehyper-complexnumbersofthefbnn

g=90+91i､+927+93"=90+J with

f2=)2="2=-l and i7=－ﾉ:j=k etC., whiCh
今2 今2 Aへ 八八 へ

satisfyassociaUve,dismbutivebutnotcommutativelaws.
TheVfbrmanumberfieldwhichiscIosedunderaddition

〃

andmultiplicationandare theonlygeneralisationof

complexnumbers fbrwhichdivision ispossibleand

umque. Ingeneralquatemionsdonotconunute,howevel;

quatemionshavingthesameJcanbewnttenasg=<y+b.ノ

anddocommute,behavingjust likecomplexnumbers.

Suchquatemionsaresaidtobecollinear.

Apurelyimaginaryquatemiontakingtheplaceofthe

complex j in theSchrOdinger equation implies the

existenceofcompletelynewphysicalphenomena.Atthe

very least, the extra dimensionalityof the vector

(imaginary)partofthequatemionalgebrapredictssubtle

modifIcationstoexistingquantumtheories.Theseinclude、

extrapolarisationstatesoffimdamentalparticles,anew

curvamreofconnectionsandfbnnofBerrysgeometric

phaseaccumulatedaroundanyclosedtrajectoryinacuwed

Q-space (with similarcoITections to the topological

Aharonov-BohmeHects), andnewresultstoBellWpe

experimentsofmulti-particlecorrelations inentangled

stateSinvoIvingtensorproducts.5)
Whetherquatenmomcquantummechanics(QQ"has

anyplWsicalmanifestationsintherealworldisamatterfbr

experimenttodecide. 'IbdatesuchaQQMhasremained

wellhiddenfromexperimentaldetern血ation, indicating
thatanyemect isextremelysmall.Thepurposeofthis
SearchisnotsomuchtoObseweevidenceofaquatemionic

eHect, but toputanupper limitonthesizeofany

quatemionic tennmodifying the standardquantum
mechzmics.
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where/Jandyarepositivenumbersand"tand"denote

unitquatemionsofunspecifieddirection.
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Figurel.Schematicofthetheoretical interftrometerusedto
derivetheexpectedchangeinintensityduetoanynon-
commutativeeffEctoftheorderingofidenticalquatemionic
potentials,MandN, ineacharmoftheinterfbrometer.
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ThisexprcssionssimplifiesIo

/=/0[1-Sin2"Sin2 I,(畑×〃)2] . (2)

Thusifmandnarenon-collinear,therewillbeachangein

intensitvduetothereversaloftheorderoftransmission

throughthetwopotentials,i.e.,anon-commutaUveeHect.
Tbourknowledgetherehasonlybeenoneprevious

expenment,9) perfonnedbytheneutroninにrfEromet'y
6）

groupatMURR,fbllowingtheexplicitpropOsalofPeres,
tolookfbrnon-commumtiveeHEcIsintheneutron-nucleus

scattering amplitudes・ In this experiment neutrons

traversedAlandTiphaseshifiingslabsinseItedinoneann
ofaneutroninterferometerfirst inoneorderandthenin

reverseorder.ThemoUvationfbrselectingAlandTiisUlat

therealpartsoftheirnuclearscattednglengthsareof
oppositesign． Tbbetterthanlpartin30000thesetwo
phaseshifiscommuted. IfQQMactuallyis thethcoIy
requiredtodescribetherealworld,apossiblereasonfbr
thisnullresultisUlatthestronginteractionoperatorresults

inrotationinthesameabstractplane, i.e., thequaにmion

tennsarecollineaI; independentofthescatteringnuclei.

Note that in this expenment onlyonc iimdamenlal

interaction,theneutron-nuclearpotenUal,amamfestation

ofthestronginteraction,wasconsidered.

Thepresent expeliment isageneralisationof this

previousexperimentwherein, fbllowingaproposal by

Klein,'0)we subject the split neutronbeamof the
interferometertotwodinerenthmdamental inにractionsin

permutedorder. The rationale is that thedinerent
hmdamental interactionsofnamre(strong, electroweak

and gravitational) may give rise to non-collinear

quatemonicoperatorsoperatingondimerentquatemionic
componentsofthewavefilnctions, i.e､, thattheremaybe

gm211butfimにanglesbetweenthequatermonicdirections

that theoperators rotateabout, giving rise tonon-

conunutativephaseshifis.

Aschematicoftheexperimentalset-uptoachievetmsis

showninFig､2.Nominallyl.2Awavelengthneutronsare
incident on aPerfect single Si crystal neutron

interfbrometer inwhich, as standard practice, an

interferogramisproducedasafimctionofthedimerencein

pathlengththroughanuclearinteractionineacharmofthe

interferometer.Usingaspecial two-secUonaluminium

phase rotator (whose two sections areofdiHerent
thickness) that straddles themiddleblade of the

interferometer,twointerleavedinterferogramscanbcmade

as thephaserotatoroscillatesbetween incrementing

angles, 4alternatingbetweenpositiveandnegative

directions(anexampleofsuchaninterferogramisshown

inFig.3.).Inthisgeometry,thenuclearinteractioninthe

ABDpath(pathll)oftheinterferometeraltematesbetween

beinginfrontofandbehindthemiddlebladeinthepositive

(+)6andtheminuS(-)5orientationSrespectively. The

reverscis tmealongPathACD(pathl)Thesecond
interactionisthenintroducedinafixedpositionnearthe

Centerbladeoftheinterferometer(befbreorafier)sothat

thepennutationoftheorderofthenuclearpotentialwith

thesecondpotentialisachievedfbrpositiveandnegativea

tors

Figure2.Schematicoftheexperiment,Showingtheneutron
interftrometer(bladeseparation35mm,bladethiCkness
2.5mm)andthetwGscctionphaserotator.Thefirst
experiment introducedagravitational interactionbytilting
theinterIErometerabouttheincidentbeam.Thesecond

placedaregionofmagnetic6eldinpathlljustafterthe
middleblade.
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Figure3・PIotoftheinterfbrogramsachievedasafUnctionofthe
angleofthenuclearinteractionofthesplitAIphasenag.

In the first instance, adinerence ingravitational

potentialisintroducedbyUltingtheinterferometerthrough

anangleqabouttheincidentbeam.Anexampleofthis

gravitationallyinducedquantumintelferenceasafimction

oftiltangleisshowninFig.4.Inthe-6orientation,thesplit

neUtronwavepacket inpathll traversesagravitational

potentialgradient(posiUveornegativefbrapositiveor

negative)alongtheenUre lengthABupstreamofthe

nuclearpotentialofthephasenaginthehorizontalsection

BD.Thewavepacketonpathldoesthereverse,crossing

thenuclearpotentialinmehorizontalsectionACandthen

thegravitationalpotentialgradientalongCD.
Theentiresimmionisreversedfbrthe+dcondition.On

pathll, theall-permeatinggravitationalpoにntialgradient

stilloccursalongthelengthAB,howevernowthenuclear

interactionofthephasenagispartwayalongthislength,

resulUnginsomeofthegravitational interacnonbeing

downstreamofthenuclearpotential.Simlarlyonpathl,
bothinteractionsaremmdonCDwithsomeofthe

gravitanonal interactionupstreamofthenuclear.Tbthis

extentthepermutationofinteractionsineachpathhasbeen
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asafimctionof51otheintenerograms(Fig.3)ateachUlt
angleresultsinonSetphases

A4=A①厩av(Cr)+AO｡+AQ(6) (5a)

and

A'=A①夢av(CM)+Aq+AQ(5). (5b)
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Wesubtractthesetoobtain△仏一A似＝△①.(勿一△①_("=

2Aの(", where by interleaving the +6and -J

interferograms,wehaveelilmnatedanyeven-synuneiry

Part ofAの(", andanyphasedrift in theempty

intembrometerphaseA①o.AplotofA①("asafUnCtionof

a isshowninFig.5.Theresults indiCateasmall,but

defimtesystematiceHectdependentonthe tiltofthe

interferometer.ThesourceofthiseHect isbeinglooked
into. Imtially,wethought itwaspossiblyanartifactof

bendingofthephasenagandthesupportundertheirown

weightastheyaretiltedFurther improvementstothe

experimentusingamoresubstantialsupporthaveshown
tmsnottobethecase.

Asecondsimlarexperimenthasbeenperfionnedby
placingavanableverticalmagneticfield,B, inpathll
(afierthemddleinterferometerblade, seeFig.2)and
pennuUngthenuclearpotentialofthephasenagwithit, in
thesamemannerasdescribedpreviously.Themagnetic
fieldaddsanextradimensiontotheexperimentas it
interactswiththeneutronismagneticmoment,causingits
intnnSic spin to precess, while the nuclear and

gravitationalintemcUonsarespin-independent.Thefbrm

ofaninteIferogmmassumngapolarisedincidentbeamis

I3=q3+63COS[AQu-+Aq+O凸①mag], (6)

I

60 40 ‐20 0 20 40 60
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Figure4.Gravitationallyinducedquantuminterftrence
achievedbytiltingtheinterftrometerabouttheincident
neutronbeam.
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where△①nucandA①oarethenuclearandonSetphasesas

definedpreviouslyand△①mag is the spin-dependent

magneticphaseshifi,witho=±l fbrspinupordown,
whereupanddownaredefinedasparallelandanti-parallel
totheappliedmagneticfield.Foranunpolansedincident
beamsuchasusedinthisexperiment, thetotalintensityis

thesumoftheintensitiesfbrspinupandspindown､thatis

/3=13T+134

=q3+4COS[△①nu｡+AQ]COS[△①mag]' (7)
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Figure5.PlotofthedifYErenceinofEetphasesofthe+5and-J
interftrograms,△①(a=(A似一A4)2,asafimctionof

interfErometertiltangle"

reversedandaphaseshifibetweentheinterferogramsfbr
eachConditionissought.

The+6interferogramiSgivenby

I3+(q,6)="3++

63+COS[A①夢av(")+△①0+AQ,uc(5)+△①+(5)],
(3a)

andthe-dimerferogramiSgivenby

ムー(α’6)＝α3-＋

63_COS[A①理av(")+△①｡－AQuc(5)+A｡(8)]'
(3b)

where△の解v(",iSthegravitationalphaseshin,△①0,the
original oHSet phase.of the (empty) interfbrOmetel;
△のnuc(", thenuclear phase shifi as a fimcUonof

alumimumphaserotatorangleaand△①(",anyother
phaseshifidependenton6(whereaquaterniontennwould
appear).Astandardnon-linearleast-squaresfitofthefbnn

L土(±3)＝4±＋旦土COS[AQuc(±5)-AjJ(4)

allowingseparatecontrolofthespin-independent(△のnuc)

andspin-dependent(△のmag)phasesAplotofthemeasured
amplimdeofthenuclearintelferogramsasafimctionof

magneUcfieldisshowninFig.6.Thenoticeablelossin

contrastoftheseinterferogramsisduetoinhomogemeUes
inthemagneticfieldacross thebeam, andmeansthe

amplitude63ofthenuclearintelfbrogramalsohasafield
dependenCe.

Theintelferogramfbr+5becomes

I3+(B,5)

=q3++b3+(B)COS[AQuc(5)+△の0+△①+(5)]

xcos[Aq¥(B)]
(8a)

,andfbr=a
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/3-(8,6）

=q3_+63_(B)COS[△①nuc(5)+AO｡+△①_(6)]

xcos[△①m¥(B)]
(8b)

,whereagain△①±(4isanyotherspin-independentphase

shifidependentonaFittingalumimumphaserotatorscans
tothisasafilnctionof6ateachmagneticfieldsetting

(whichonlyeHectstheamplimdeofthe interferogram)
resmtsinoHSetphases

A4=Aq+△①+(6) (9a)

and

A仇＝△①0+△①_(6) . (9b)

Asbefbre, subtracting△喚一△′＝△①.(の一△①_("

=2A①(".AplotofthisdiHerencephaseasafilnctionof
magneticfieldisshowninFi9.7.Theresultsagainindicate
asmallbutdefinitesystematiceHectdependentonthesign

ofcoS{△①mag(B)l andsizeofthemagnetic field. No
explanaUonfbrthiseHecthasasyelbeenfbund, but
experiments usingmore umfbnn and larger field
distnbuUonsacrossmebeamareplanned.

ItisalsopossibletopeIfonnmagneUcinterferograms

fbr fixed values of nuclear phase, wherein the

intelferogramhasthefbnn

I3(B,6)=q3+63(B)COS[AQuc(5)+△の0]

xcos[A"ag(B)+A"B,5)1 '
（10）

where△①(B,"isaspin-dependentphaseSmftdependent

onaThisiscurrentlybeingpursued.
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Figure6.PIotoftheamplitudeofthenuclearinter住rogramsas
ah｣nctionofmagneticfieldinonearmoftheinterftrometer.
ThedramaticIoss incontrastisassumedtobedueto

inhomogenieties inthemagneticfieldacrossthebeam.The
linerepresentsasinusoidal6toflinearlydecreasing
amplitude.

125

i"'､g:20

，.戒f
エ

５１

ｓ
の
ｇ
命
）
ｅ
ぐ

r 可

|"{
4，

10

● Data

－雌ightedMean

● Data

-WeightedMean

3.COnclusion

PrelimnalyresultsofthiSon-goingexperiment are

inconclusive.Anynon-conunutativeenectofquatemiomc

natureshouldnotresultinphasedeviationsaslargeaswe

havefbundhere, otherwise itwouldhavebeennoted

befbre.'') Itshouldbenotedthatthetheoreticallimttothe

observabilityoftrulynon-commuUngphaseshifisisthe

sizeoftheoverlappingnuclear-gravitational interaction,
this isat leastanorderofmagnimdebelowpresent

experimental sensitivity・On-goingworkto isolateall
possiblesystematicenects isbeingcamedout, anda

rigorousconclusionwillbereportedinasubsequentpaper.
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Figure7.PlotoftheofE､phaseasafmctionofmagneticfield
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