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AmultilayerofPennalloy/Ge(PGM)hasbeenevaporatedonaSiwaibrinamagneticneldofaboutl30Gaussparallelto
thesuriaceofthewafer・Aneutronpulsewasobtamedbyapplyingapulsedmagneticfieldofabout30Gaussparallelto

aPGMpoladzingcoldneutronmiITor. T11eresultsoftheperibnnancetestsofamultilayercoldneutronpulserareas
fbllows:(1)thepulsecontrastoftheneutronbeamrenectedfromacoldneutronpulserincreasedreasonablybyanother
renectionthroughtheanalyzmgmiITorplacedbehindofthecoldneutronpulser;(2)oneofthecountemleasurestoimprove
thepulsecontrastwastolimitthezerofieldregionmordertoavoidtheadiabaticspinnip.ThePGMwasusedasapart
ofaCompositeneutronmilTorwhichwasusedinthedelayedchoiceexperiment･ T11eresultsshowedthefeasibilityofthe
PGMasacoldneutronpulser.
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additionalconditions: (1) itshouldproducearectangular

neutronpulsehavingnonuctuations; (2)arisingtimeofa

neutronpulseshouldbeintheorderofmagnitudeoflOO

l-LS.

Devicestogeneratepolarizedneutronpulseswithouta

mechanicalchopperhavebeenusedsofarinthefieldsof

theneutronopticsandneutronscatteringspectrometers.A

pulsed7T-flippercoilgeneratespolarizedneutronpulses

easilyande伍ciently8) comparedwithacoldneutron
puIser.Howevel;thisdevicecannotbeusedinthedelayed

choiceexperimentbecause itdoesn'tworkasawave

splitter. AfemtecIystal (7Lio"5Fe2504) inthepulsing
magneticfieldoftheorderoflOOOGausshasbeenusedto

supplysholtneutronburstsfbrthetime-ofLflight(TOF)
spectrometer.9) Thecrystalmaterial isnot suitablefbr
polanzingcoldneutronswithwavelengths longer than

about6A. ItisdmculttoproducelargesinglecIystalsand
astrongextemalpulsedmagneticfield.Aboveallitisnot
abletotakearolesuchasacompositeneutronmirror

whichconsistSofamagneticpartandanonmagneticpart.

Thisfeatureisthepeculiaroneoftheartificialneutron
mlrror，

Wereporltheresultsoftheperfbnnancetestsofthecold

neutronpulser.

§.1. IntrOduCtion
ThedeBrogliewavepropertyofthemassiveneutron
becomesremarkableinthecoldneutronenergyregion.

Coldneutronopticsusingmultilayerneutronmirrorshave
beendevelopedattheKyotoUniversityReactor(KUR)to
investigatethequantummechamcalphenomena.')
AmultilaVerneutronmirrorisanartificial latticewitha

large interplanar spacingandgives the simpleone-
dimensional neutron optical potential including the

magneticonefbrcoldneutrons.Thewidthandheightof
thepotenUalarecontrolledarbitranly.Thepotentialwidth
isdetenninedbythedistributionoflayer thicknesses

duringvacuumevaporationandtheheightbyselecting
layermaterials.2,3)
Themagneticneutrondevicesfbrcoldneutronopticsare
requiredtosaUsfythefbllowingthreeconditions: (1)they

shouldbeas small aspossible toset compactlyina

restnctedspace; (2) thestrayfieldsfiomthemagnetic
devicesshouldbesmallenoughnottogivemagneticeHects

tothenearbydevices; (3)theyshouldcontroltheneutron

spinstateseasilyandprecisely. Amultilayerpolarizing

coldneutronmirrormustbemagnetizedtosaturaUon

underaverylowextemalmagneticfieldinordertofhmll
theaboveconditions.

Wehavealreadydevelopedamultilayerpolarizingcold
neutronmin･orworkingundertheexternalmagneticfield

lessthanSOGauss4)anduseditinvariousexperimentsto
investigatethefimdamentalphysicM'6)
Wecall "amultilayerpolarizingcoldneutronmirI･or

placedintllepulsedmagneticfield'' amultilayercold
neutronpuIser,orinabbreviationacoldneutronpulSer.A

coldneutronpulser fimctioning inavelylowpulsed

magneticfieldmustbedevelopedinordertodoadelayed

choice experiment using amultilayer cold neutron

interferometer.7) Thecoldneutronpulserutilizedibra
delayedchoiceexperimentmuststillsatisfythefbllowing

§.2.ProductionandI)erformancetestsofPermall0y/Ge
multilayercoldneutronI)ulser

Permalloy(Fe(55%)Ni(45%) )/Gemullilayer (PGM)

neutronmirrorisfabricatedbyvacuumevaporationontoSi

waferinamagnetiCfieldofabout l30Gauss. The

magneticmirrorconsistsofaltematingparallel layersof
PermalloVandGe.TherefractiveindexofGefbrneutronS

グ

isapproximatelycqualtothatofthePermalloyfbrneutrons

wilhspinsalignedantiparalleltothemagnetizationofthe

Permalloylayer.ThebilayerconsistingofPermalloylayer

andGe layer fimctions as a single layer. Artificial
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800
interplanarspacingofthePGMisdeterminedaccordingto

theexperimentalconditions. Thepulsedmonochromatic
beamcanbeproducedifthemagncticinductionorientation

inaferromagneticlayercanbechangedbyanextemal
magneticfield. Theneutronpulselengthandfrequency
canbevariedbychangingthelengthand廿equenc)'ofthe

currentpulsethatgeneratesthemagneticfield.

Acommercialbi-polarpowersupplywasusedtosupply

currentpulsestothepulsingmagneticcoilsurroundinga

PGMcoldneutronmirrorsothatneutronpulsescanbe

produced.Theinputsignalcodetothepowersupplyissent

fromthecommercialoscillator. Themggerpulses to

energizeTOFspectrometerarealsosuppliedfromthe
oscillator.

Anexperimentfbrproducingneutronpulseswasdone

firstusingthepolarizationanalysisinstrument(PAI)atthe

E-3neutronguidetubeofKUR.PAIconsistsofapolarizer,

a7T-nippercoilofMezei t)pe, andthePGManalyzing

mirrorinthepulsedmagneticfield.ThepulsingcoilofPAI

consistedofapairofsolenoids:eachwasmadefrom200

mrnsofcoppertwistedwireofa3.5mm"crosssecUon,and

aninsidediameterofsolenoidwas70mm. Thepulsing

currenttoproducethefieldof50Gaussatthecentralsiteof

theopeningbetweenUletwosolenoidswasSAincaseofa

3cmopening. Anopeningwasusedasaneutronpath.

ThePGMmirrorwassoplacedinthesolenoidsthatthe

mnforsurfacewasparalleltotheaxisofthesolenoids.

ThetimespectrumofneutronsrenectedfromthePGM

coldneutronmirrorinthepulsedmagneticfield(PGMcold

neutronpulser)wasmeasuredusingaTOFspectrometer､

Figurelshowsthetimespectrumof4Aneutronbeam
renectedfromthePGMcoldneutronpulser. Thensing

timeofUleneutronpulseisabout3001Ls. Theduration

timeofthepositivevoltagepulsessentfromtheoscillatoris

l.67msandtherepetitionrateofthepulsesis300Hz.

Figure2shows thecurrentnowingintothepulsing

InagneticcoilusedincaseofFi9. 1.Thenuctuationwitha

deepgorge is shown. This isdue totheeddyculTent

producedinthecoil.Theresults showthat thetime

spectrumofneutronsfbllowsapproximatelythecurrent
pulses.

WetriedtouseaPGMcoldneutronpulserfbradelayed
choiceexperimentsinceitsfeasibilityissuggestedbythe
resultsshowninFi9. 1. Thepulsingmagneticsystem
consistingoftllePGMcoldneutronmirrorandtllepulsing
magneticcoilwas,however,requiredtobesmallenoughto

beset inasmallspace(14cm×14cm× 14cm)ofthe
phase/spinechointerfierometer,5)whichwasinstalledatthe
researchreactorJRR-3MofJEARJ.Thepulsingmagnelic

coilusedinthepreviousexperimentwasinterchangedMth
thesmallOne,andthetwistedwiretoasinglewire(1mm
dia)tomakeacoilvolumesmallTheresultswerenot

desirablebecauseofthelargenuctuationsinthecurrent

pulseandthusintlleneutronpulseasshowninFi9.3.This
iscausedb)' that theenectofeddycurrent islargerina
thickwirethanthatinathinwire.

Inordertoenhancethepulsecontrast (aratioofahill-

valuetothevalley-value)wesetaamlyzingImrror
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Fig.1. Thetimespectrumof4Aneutronbeamrenectedfrom
thePermalloy/GemultilayerneutronmirrorinthePulsed〃

magnetic6eld(PGMcoldneutronpulser).

I gerpulse

6
」蜂

・

凸
８日

一
や

E-0current level↑
’
○
ン bJF-

●

Current
4

、

－ ’

0 2 4

Time(ms)

Fig.2.ThecurrentHowingintothepulsingmagneticcoilused
incaseofFi9.1whichwasmeasuredbytheoscilloscope・The
currentwasconvertedintothevoltbyacurrentmonitor.The
triggerpulsedenotesthesignalsentffomtheoscillatortothe
bi-polarpowersupplyandalsowasmeasuredbythe
oscilloscope.
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Fig.3.Atimespectrumofaneutronbeamrenectedfromthe

PGMcoldneutronmirrorinthepulsedmagnetic6eld(solid
line)andthatfromtheanalyzingcoldneutronmirror(dotted
line)placedbehindthePGMcoldneutronmirror.
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downstreamofthePGMcoldneutronpulser. Thepulse

contrastfromtheanalyzermirror installedbehindthe

PGMcoldneutronpulser isreasonablybetterthanthat
fromthePGMcoldneutronpulserasshowninFi9.3.

Furthennore, theimprovementoftllepulsecontrastwas

obtainedbysettingmesupplementalycoilsatthefrontand
rearsideofthepulsingmagneticcoil. Theincreaseofthe

pulsecontrastwasaboutl6%.TheseSupplementalycoils
contnbutetothedecreaseofthedepolarizationinduced

duringneutrons'passagethroughUlespotofzerofield.

§.3.Anattemptofadelayedchoiceexperiment
Thetwistedwirewasusedagaininsteadofthesingle

wire and themagnetic coil systemwas improved.

Althoughthenuctuationintheneutronpulsedidnot
diminish,wemedtodoadelayedchoiceexperiment'0)
usingthecompositeneutronmrrorconsistingofaNi/Ti

multilayer((Ni:92A/Ti:92A)×5(bilayers)),aGegap
layer(4000A), andasemtransparentPennalloy/Ge

YﾉGe:92A) ×§multilayer(PGM) ( (Pennalloy:92

(bilayers)),evaporatedinseriesonthesingleSiwafer.The

topPGMfimctionsasawavesplitterandtheGegaplayer

takestheroleofaphaseshifier、

SchematicexperimentalanfangementisshowninFig.4

and this arrangement is analogous to a Jamin

interferometer.Thepairofidentical compositeneutron

mirrorswassetatparallelpositionsabout40cmapan.
Polarized12.6AneutronswithaFWIn1bandwidthof

3.5%isincidentonthefirstcompositelmrroranddivided

intotwocoherentpartialwavesasshowninFi9.4. The

phasediHerenceinducedbetweenthetwopanialwavesat

thefirstcompositemirroriscompensatedbythesecond

becausethetwopartialwavesrenectedfromthesecondone

are superposeduponeachother. When the second

compositemirrorrotatesbyasmallangle"onavertical

axisparallel tothemirrorsurface, thephasediference

changes,andinterferencemngeSareobservedbyvalying

"ThisisaJamintypeinteriErencefringes.

Thedelayedchoiceexperimentwasattemptedusingthe

arrangementmentionedabove. Inthecaseofthedelayed

choiceexperiment､ thesecondmirrorissetinthepulsing

magneticfieldof30Gausstomakeaconditionofwhether

thePGMofthesecondcompositemirrortobeornottobe

fbrthepolarizedneutronwhentheneutronispassingthe

secondmrror. Themeaningof"delayedchoice" inthe
delayedchoiceexperiment is that the triggerpulse to

energizetheTOFspectrometer is switchedonaiiera

neutronpassedUlefirstcompositemirl･or.Wemeasuresthe

TOFspectrabymakingrelativeanglesofthesecondtothe

firstfixed,andobtainsthechangeofthecountingratesasa

hmctionoftherelativeanglesontheconditionofthe

"delayedchoice''fromthetimespectra.
LetisfirstlVassumethattheneutronbehaveslikeawave、

ご

thatis,theincidentneutronhasbeensplitintobeamsland

IIwithequallyweightsatthefirstmirror.Aiferaneutron

passedthesecondcompositemirror,aninterferencemnge

wouldbeappearedasaJamininterferometerifthePGMof

thesecondcompositemirrorworkssoas tobefbr lhe

polarizedneutron;andinterferencefringeswoulddiminish

andonlythebroadpeakduetothefirstBraggrenection

Fig.4． Schematicexperimentalarrangementofadelaytdchoice
experlment.
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Fig.5.Thetimespectraoftheneutronbeamreflectedfromthe
secondcompositemirrorinthepulsedmagnetic6eldat the
several6xedrelativeangleswithinoneperiodofthe6inge.
Theeachcurvecorrespondstotheneutrontimespectrumat
thedifRrentrelativeanglewithinoneperiodofthefTinge.
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Fig.6.Theinterftrencefringesobservedbychangingtherelative
angleofthesecondcompositemirrortothe6rst.ThecuI-ves
wereobtainedfromthetimespectmofFi9.5byreplottingthe
countingratesat the6xedHight timewhichcorrespondsto
theconditionofthedelaVedchoiceasafhnctionofthe

′

relativeangles.
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§.4.Concludingremarks
Aneutronpulsewasob(ainedbyappl)'ingapulsed

magnetic field of about 30Gallss parallel to the
Permalloy/Gemullilayer(PGM)coldneutronmirrorThe

pulserisetimewasabout300!Lsbutthenuctuationwitha
gorgewasobsel-ved.Otherresultsareasfbllows:(1)the

pulsecontrastoftheneutronbeamreflectedfromthecold

neutronpulserincreasedreasonabl)･byanotherrenection

Ulrough theanalyzing lmnorplacedbehindthecold

neutronpulser; (2)oneofcountenneasurestoimprovethe

pulsecontrastwastolimitthezerofieldregiontoavoidthe

adiabaticspinnip.

ThePGMwasusedasapartofthecompositeneutron

min･orusedinthedelayedchoiceexperimentTheresults

showthefeasibilit)･ofthePGMcoldneutronpulSertothe

delayedchoiceexperiment.Therisingtimeoftheneutron

pulsewasabout0.5msandsomesmallnuctuationswere
stillseen.

fromthemultilayercouldbeobservediftllesecondPGM

workssoasnottobefbrthepolarizedneutron.

Iftheneutronbehaveslikeaparticle,thatis,theincident

neutrontakeseitllerthepathlorll､wecouldnotobtainthe

interfbrence fringeSon theConditionofthe "delayed

choice",regardlesswhetherthesecOndPGMistobeornot
tobe.

Suchanexperimentwouldthusve噸' thewave like

propertyoftheneutronifwegetaninterferencemnge

whenthesecondPGMistobefbrthepolarizedneutronand

anintelferencemngediminishwhenthesecondPGMnot

tobe,ontheconditionofthedelayedchoice.

TheUmespeCtraofneutronbeamreflectedfifomthe

secondcompositemirrorinthepulsedmagneticfieldwere

measuredatthese,･eral fixedrelati,･eangleswithinone

periodofthemnge.

TheresultsareshowninFig.5.Thevalueattheeachhill

correspondstothecaseinwhichthesecondPGMmirror

works fbr thepolarizedneutron. Thevalleyvalues

correspondto山ecasesinwhichthesecondPGMmirror

doesnotworkfbrmepolanzedneutron.

Thechangeofthecountingratesasafilnctionoflhe

relaUveangleswereobtainedfromthelimespectraofFig5

byreplottingthecountingrateSat thefixednight time

whicllcorrespondstotheconditionofthedelayedchoiceas

ahmctionoftherelativeangles.Theresultsareshownin

Fig6.

Intelferencemngeswereobtainedincaseofwhichlhe

secondmagneticmrroristobefbrtheneutron(theupper

bunchofcurves),andtheinterferencemngesdiminished

incaseofwhichthesecondmagneticmirrorisnottobefbr

theneutron(Ulelowerbunchofcurves)altlloughthe

mggertotheTOFspectrometerisswitchedonaiierlhe

neutronshadpassedthefirstcompositemirl･or(onthe

conditionofthedelayedchoice). This suggests the
evidenceofthewavelikepropertyoftheneutron.

Althoughmeasurementsarenot satisfactoryfromthe
vievpointofthestatisticalaccuracy, thefeasibilityofthe

PGMcoldneutronpulsertothedelayedchoiceexperiment
wasshown.

Fig. 5showsalsotheperfbnnanceofthecoldneutron

pulser.Therisingtimeoftheneutronpulseisabout0.5ms
andsomesmallfluctuationsarestillseen.

WenowtlVtodiminiShthenuctuationoftheCurrent

pulsenowingintothepulsingmagneticcoilanddecrease

therisingtimeoftheneutronpulsedowntolOO!Ls.
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