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Wepresentresultsofexperimentswherethedenectionofneutro11smaperfectcrystalduetogravityandduetoaCoriolis

fbrcemarotatmgcrystalwasobserved. Theyarebasedonthefactthataneutronmsideaperfectcrystalshowsan

effectivemassmorethanfiveordersofmag1imdesmallerthanitsrestmass. Theseexperimentsallowatestofthe
equivalenceprinciplemthequantummechamcallimit.Theprecisemeasurementofthephaseshiftduetogravitywiththe

velycoldneutronmterferometeribraneutronwavelengthoflOnm,ibrmedbythreetransmssionphasegratmgswitha
distanceofupto2marealsodiscussed.
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α＝±(EG/(2"b))("･G) (1)

HereJbistheFouriercoe伍cientoftheclystalpotential
八

correspondingtoG,GtheumtvectorinthedirectionofG

andEbthekineticenergyofaneutronwithawavelength

equaltothelamcespacing27t/G.Thetwopossiblesignsof
車

theaccelerationQcorrespondtothetwoeHectivemass

statesmenUonedabove.FortheSi(220)reflex,whichwas

usedinbo山experiments,theacceleraUona亭upto2.1×105
timestheacceleraUonaofthefreeneutron. Eq.1isvalid

fbrsmalldeviationsfromtheBraggangle. Ifthisdeviation

getslargertheaccelerationdecreases.4'5)Duetothehigh
sensitivityofthedirectionofneutronpropagationtoa

smallchangeinthedirectionofincidence,meneutron

beamhas tobehigmycollimated. Weuseasemp

consistingoftwosiliconsingleclystals(L=52mm)ona

commonbasecutfromoneclystaltoprovideparallellattice

planesinbothpartsasshowninFi9.1. Thefirstcrystal

togetherwithtwoCdslitsattheentranceandtheexitacts
asacollimator. As thetwoefectivemassstatesare

denectedinoppositedirections,thetrajectoriesfbrthetwo

statesareseparatedinthesecondcrystal. Thespatial

separationdofthetwoefectivemassstatesmeasured
写

perpendiculartothebeamsduetoanaccelerationa is

givenby

α＝2α,(Z/vd)2COS(08)(1+S/L] (2)

HereListhelengthofthetwoclysta1s,sthewidthofthe

gapbetweenthem(seeFig.1)andvd=vcos(OB)thedlift

velocityoftheneutronsparalleltothelatticeplanes. The

factor(1+syZ)isduetothedenectioninthegapbetween

thetwoclystalsbecausethedenectionherechangesthe

deviaUonfromtheBragganglewhichisrelatedtothe

initial slopeoftheneutrontrajectories4) in山esecond
clystal. Thefbnnulaisvalidfbrafbrceperpendicularto

theneutrontraicctolyinthegap

§.11ntroduction
There are only fewexperimentswhich fbr their

interpretaUoninvolvebothquanmmmechamcsandthe

eqmvalenCeprincipleofrelativitytheory. Thisholdsfbr

thesocalledCOWexperimentsandfbrourexperiments:

thedeflectionofneutronsinacrystalduetogravity)orbya

Coriolisfbrce. IntheCOWexperimentsthephaseshiftdue

tothegravitationalfieldoftheearthwasmeasuredwitha

perfecct cIystal neutron interferometer. ') The latest
revisionofCOWIsdatabyWemeret.al. (1988)showsa

deviationfTomtheoryofO.8%・ThisissignificanUylarger

thanthemeasurementaccuracyofO.1%andthereisa

strongneedfbrexperimentalclarification.2'3)Therefbrewe
willtrytomeasurehisphaseshiftwithaninterferometer

fbrverycoldneutronsavoidingthemajorexperimentaland

theoreticaldiHicultiesofthefbnnerexperiments.

Anotherapproachtoobservegravitationalorinertial

efectsinthequantumlimtistheeHectivemassenhanced

deflecUonofneutronsduetogravib'orbyaCoriolisfbrce

inapeIfiectclysta1.4)Thisdeflecdonisenhancedbymore
than5ordersofmagnitudeovertheexpecteddeflectionin

freespace.Aremarkablefeamreoftheexperimentsisthe

existenCeoftwoeHecUvemassstatesinsidetheclystal,one

withapositiveandonewithanegativeeHecUvemass.

Neutrons in the negative eHectivemass state are

acceleratedoppositetoafbrce.
卓

TheeHectivem2ss"z canbecalculatedfromUle

curvamreofthedispersionrelationdXK),whereKisthe

wavevector insidetheclysta1.5) Thisrelationcanbe
denvedbysolvingtheSchrOdingerequationwithinthe

periodiccrystalpotential. Assumingneutronstraveling

closetotheBraggangleOBfbronesinglesetofparallel

latticeplanescharacterizedbythereciprocal latticevector
G, itissu価cienttouseanansatzfbrthewavefmction

which is a superpositionof twoplanewaves、 one

propagatingapproximatelyparalleltothepdmaryneutron

beamoutsidethecIystal,andoneintheBraggrenected
direction.Adetailedcalculationshows､thattwostatesof

thatfbrmexistfbronesetOfboundaryconditions. From

thiscalculationUleaccelerationqintheclystalparallelto
Gduetoanacceleration"ofthefreeneutronintherest

frameofthecrystalisgivenby

§・ZDenectiOnduetogravity
ThegraviWexperimentwascarriedoutattheT13Atest

facilityofthenL. ThefIrst slitwas illulmnatedbya

monochromaUcneutronbeamwithameanwavelengthof

2.35Aprovidedbyagraphitemonochromator.Thesilicon
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Fig.1.Neutrontrajectoriesinthegravityexperiment..The6ne
dashedlinesaretheneutrontrajectorieswithoutextemal

fbrce;thefitlinetrajectoriesarevalidwithexternalfbrce.The
dimensionswereL=52.3mmands=9.6mm. The

arrangementoftheslitsandtheneutrontrajectories inthe
CoriolisexperimentcanbefbundinRef4.Theslitwidthwas
1.6mmintheCoriolisexperimentand1.5mminthegravity
experlment.

crVstalsandthedetectorcouldbetiltedaroundmeaxisof

theincomngneutronbeam. Asonlythecomponentof
Earth'saccelerationgparallel toGleadstoadetectable

denection､山eseparaUonofUletwoenecUvemasspeaksis

propomonaltothesineofthetilUngangle'.Afierpassing

throughtheclystaltheneutronsweredetectedinaposition

sensitivedetector. Duetothehighsensitivityofthe

neutrontrajectoriestothedeviationfromtheBraggangle,

theexpenmentisverysensiUvetoabendingofthecrystal
under itsownweight. Bendingofthe interferometer

crystalswasoneofthemajorexperimentaluncertaintiesof
theCOWexperiments. Inourexperimentitwasavoided

byplacingthecIystalinanuidofequaldensityassilicon
(ZnBr2 inD20). Thepredictedseparationofthetwo

eHectivemassstatesofcWsin'=(4737±0.011)mmagreed

withthemeasuredvalueof(d/sin')exp=(4.740±005)
nun・ Theerror inthemeoreticalvaluearises from

uncertainUesinthewavelength. Theexperimentalerrors

aremainlyduetocountingstatistics. Inpassingbywenote

thattheseparationofthetwopeaksdependsontheratioof

theinertialmass"Jjandtheheavymassﾉ"goftheneutron.
Theexpedmentalresults(seeFig.3)showedaconstant
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Fig.3. Fig. 2:Peakseparationasaんnctionofthetiltingangle
(Gravity)andangularvelocity(Coriolis).

oHSetofl.3mmoftheseparaUonofthetwocHectivemass

peaks. Itcanbeexplainedbyasmall inmnsicbendingof

thecrystal. AnoHSetofthesameorderofmagnitudebut

oppositedirectionwasobservedinallfbnnerexperiments

withthesamecIystalbutwithadiHerentarrangementof

thecollimatingslitswheretheBraggdimactedbeamwas

usedafierthefirstcrystal.Theslitpositionswerechanged

becauseEalThisacceleraUonispeIpendiculartothefbrward

dimactedbeaminthegapfbralltiltingangles.
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§.3DenectionduetoaCoriolisforce
IntheCoriolisexperimentwhichwascamedoutatthe

NISTresearchreactor, theclystalwasrotatedaroundthe

verticalaxisofthefirstcollimaUngslit.Therotationofthe

crystalatanangularvelociWQresults inaConolis
写 申

accelerationparalleltoGofq=2("r/"z)Qvd.

AstheclystalhadtobekeptundertheBragg-anglewith

respecttotheincomngneutronbeam,arotatolyoscillation

withanamplimdemuchsmallerthanthedivergenceofthe

primarybeamwasused・ Thisoscillationwasdnvenbya
MOBbauervelocitvtransducerattherearendofUlecrvstal.

Belowthefirstcollimatingslit theclystal supportwas

connectedtothefixedpartsofthesempbyanexure,山us
thelinearmotionofthetransducerresultedinarotationof

thecrystalTheamplimdeoftheoscillationwasadjusted

between3.6mrad/sand6ml･ad/sandthe fifequency
betweenl3Hzand26Hz.

Acalculationofthepeakseparationasafimctionofthe

angularvelociWof the rotationresults ina linear

dependencewithasloped/Q=(1.622±0.008)m/(rad/s)
。

(seeEq.2,4=2.35A). Tmshastobecomparedtothe

measuredslopeof(d/Q)exp=(1.609JE0.014)m/(rad/s).
ThemaximumacceleraUonactingonthecrystalwasless

than0.1m/s2comparedto20m/s2ontheneutrons. Tb
checkwhetherthecrvstalwasbentbvthisaccelerationwe

mademeasurementsatdinerentoscillationfrequencies.

Astheaccelerationoftheclystaldependsquadraticallyon

thefrequencyandtheaccelerationoftheneutronslinearly,

thisprovides thepossibiliWtochangetheratioofthe

clystalaccelerationtotheaccelerationoftheneutrons.The

resultsobtainedatdiHerentfrequencieswereconsistent

withintheexperimentaluncertainties. Thus itwasnot

necessarytOplaCethecrystal inthesamefluidasinthe

graviWexperiment.AseparationofthetwoeHectivemass

peaks(0.9nun)wasobservedatzeroangularvelocityi like

inthegraviWexperiment・Thisvaluecanbeexplainedbya

smallconstantbendingoftheclystal(0.053"rad)whichis

ingoodagreementwithafbnnerresultwiththesame

clystalandidenticalgeometryofthecollimatingSlits.5)
TheoHSet inthegravityexperimentandtheCoriolis

experimentwasnotthesamebecausethepositionofthe

collimatingslitshadtobechanged、Thishastheresultthat

adiHerentpartofthefirstcrystalwasusedinboth

experiments. Theanglebetweenthelatticeplanesofthe

twoclystalsinUlesepartsisslightlydiHerentcomparedto
eachotherresultingindiHerentoHSets.

TheVCN interferometer setup avoids themajor
theoreticalandexperimentalproblemsofthefbnnerCOW

experimentS､namelybendingofthesiliconinterferometer

clystalsunderUleirownweightanddynamicaldiHraction

eHectsinthecrystals.

Ifthewholeintelferometersempistiltedaroundthe

beamaxisbyananglel,thegravitaUonalphaseshiftofthe

neutronspisgivenby

’癒禦Asin(') (3)の＝

Here"l istheneutronmass, J4theareaenclosedbythe

interferometerpathsandJthedeBrogliewavelengthofthe
neutrons.

ForthepresentVCNintelferometersemp,aphaseshift
oflradisinducedbyaUltangleofonlyO.05degrees,
comparedtol.15degreesintheCOWexperiments.Tms

increaseinsensitivityisduetothehigherwavelengthata
compal･ableenclosedarea. Foraninterferometerwithan

overalllengthof4m,thetiltanglefbrthesamephaSeshiif
willbeintheorderofafewarcseconds.

ByapplyingasuitableelectricDCfieldtotheneutron

beaminsidetheVCNintelferometer, itispossibletodetect
aninteracUonofneutronswithanelecmcpotential,which
willresultinanobselvablephaseshift,ifthereisanonzero
neutroncharge. Ifoneconsidersanintelferometerwitha

lengthof4mandourrecenUymeasuredvaluesofintensity
andfringevisibiliWsuchanexperimentcouldestablisha
newupperlimtfbrtheelectricchargeoftheneutroninme

orderof4･10~22electroncharges.6)
Bialymcki-BimlaandMycielskiproposedanaddiUonal

nonlineartennintheSchrOdingerequation7)whichhasthe
fbnn（吻=-6.1n(M2) ,whereb isanewumversal
constant. Sucha loganthmictenncanbe introduced

withoutchangingmostofthewell-establishedfeamresof

standardquanmmmechamcs. Thisnonlinearitycanbe
measured by placing neutron absoIbers in the

interferometerpathsatdiHerentplaces. Astheabsorber

reducesM2thenonlineartermshouldproduceachangein
the"-vectorandhenceameasurablephaseshift, ifthe

absorberismovedalongoneneutronpath.Theupperlimt
fbr themagnimdeofsuchanonlinear tenn inthe

SchrOdingerequationcouldbeloweredfrom3.3．10-15eV

(givenbytheexperimentsofGahleretal8))toaboutl･10-
'7eV.Sincethesensitivityofthismethoddependsonthe
flighttimeoftheneutronsthroughtheapparatus,theVCN
inteIferometerisasensitivedevicefbrthispulpose.
Interferencemngeswithavisibilityof22%havebeen
obselved soon aiier the reinstallationof theVCN

interferometerat thelnstitutLaue-Langevin(seeFig.4).
The fiingesweremeasuredbymovingonegrating
relativelvtotheothers.

§.4VCNintenferometry
ThisMach-Zehndertypeinterfbrometerconsistsofthree

quartzplateswith sputter-etclled transmissionphase
gratingswith2"mspacing.、i ng.9) Theplatesaremounted
paralleltoeachotheronanopticalbenchatpresentwitha

distanceof25cmbetweensuccessivegraUngs. Forfilture

experiments,theinterferometercanbeextendedloalength
ofupto6m.

InordertoachieveSu伍cientlyhigll fringevisibility>

greatcaremustbetaken, inordertoaligntheseparately

Inountedgratingsparalleltoeachother・Thisalignmentis

accomplishedwiththreelaserintelferometers. Thelaser

interferometersconsistofthreelOO"mabsorptiongratings

onthesamequartzsubstrateastheneutrongratings.

§.5Conclusions

ThedeflectionintheCoriolisexperimentistheeHectof
an inemal fbrceand in thegravityexperiment ofa
gravitational fbrce・ As theresultsofbothexperiments
dependontllenumericvalueofPlanckIsconstant, this

allowstocomparetheheavyandtheinenialmassofthe

neutroninthequantumlimitThevalueoftheratio"'"",
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Fig.4. InterfbrencefringesmeasuredwiththeVCN
interftroemeter.Thedistanceofthephasegratingswas25cm.
Thestraightlineistheresultofa6twiththeftlnction"(x)=

U+A. sin(2兀〃〃+"),withdbeingthespacingofthe

gratingsof2"m

obtainedfromtheexperimentalresultsofbothexperiments

is 1.011±0.015.Theaccuracyisofthesameorderof

magnitudewhichwasachievedintheCOWexperiments、

but ispoorcomparedtoexpeliments intheclassical

domain. The importanceoftheseexperimentsfbrthe

validationof the equivalenceprinciple inquantum

mechamcsprovidesastrongmotivationfbrustomeasure

gravitationalphaseshiitswiththeVCNinterferometer

withhigheraccuracy.Weshouldbeabletoreachalevelof

uncertainty inthe0.1%region. Theexperiment iS
currentlyinpreparation.
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