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Neutronspinquannlmprecessionbymultilayerspinsplitterhasbeendemonstratedusinganewspinmteriiarometer.nlC

multilayerspinsplitterconsistsofamagleticmultilayermirrorontop, ibllowedbyagaplayerandanonmagnetic
multilayermilTorwhichareevaporatedonasiliconsubstrate.Usmgthemultilayerspinsplitter,apolarizedneutronwave

inamagneticfieldperpendiculartothepolalizationissplitintotwospineigenstateswiUlaphaseshiftinUledirectionof
themagneticfIeld.Thespinquantumprecessionisequaltothephaseshifi,whichdependsontheefrectivethicknessof

thegaplayer・ 'I11edemonstrationexperimentsverifythemultilayerspinsplitterasaneutronspmprecessiondeviceas
wellasthecoherentsupeIpositionprincipleofthetwospineigellstates・Wehavedevelopedanewphase-spinecho

interfbrometerusmgthemultilayerspinsplitters.Wepresentsuccessiillperibnnancetestsofthemultilayerspinsplitter

andthephase-spinechointerierometer.
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multiloyerspinsplitter, spininterferometer,phoseecho,phose-spinechointerferometer

§.2.MultilayersI)insl)litterandneutronsl)inquantum
0

I)rccesslon

WeconsiderapolarizedneutronintheX-Yplaneina

verticalmagneticfIeld. WetaketlleX-Yplane inthe

horizontalplaneandtheZ-axisintheverticaldirecUon.

ThepolarizedneutroncreatesLarmorprecessioninthe

X-Yplane. Quantumtheolygivestheequation(2.1)fbr

thepolarizedneutronSy(e)5･6)

§.1. Introduction
We have developed cold neutron optics and

inte,ferOmetryUSingmUltilayermirrOrS. '-3,9,13) The
advantagesofmultilayermirrorsaretheirapplicabilityto

longneutronwavelengthandagreatvarietyofmirror

perfbrmanceSasneutronopticaldevices.Herewepresenta
smdyonspininterferometlyusingmultilayerspinsplitters.
Apolarizedneutroninamagneticfieldpelpendicularto
thepolarizationcreatesLarmorprecessionintheplane
perpendiculartothedirectionofthemagneticfield. In
quanmmtheolythepolarizedneutronisexpressedasthe
coherentsupelpositionofthetwospineigenstatesinthe

directionpelpendicular to thepolarizationand the
precessionangleisequal tothephasedigerencebetween

thetwoeigenstates.Thecoherentsuperpositionofthetwo

spineigenstateswasproposedbyE.PWignerasthought

experiment first4) andlaterbyA.Zeilingerasibasible
experiment using silicon interferometer､5,6） J.

Summhammer et al. demonstratedexperimentally tlle

coherent supeIposition principle using a silicon
interferOmeter.7,8).

QuantumtheoIyonspincoherentsupemositionpredicts

thatwecouldhaveanotllerprecessiondeviceaswellas

Larmorprecessioninmagneticfield, ifwedevelopaspin

splitterof山eneutronwavewithphasediHerenceWecan

realizesuchaspinsplitterwithmultilayerspinsplitters9)
andcall theprecessionby thespinsplitterquantum

precession. Inthispaperwedescribethestluctureand

principle ofmultilayer spin splillers, andgive the

successfillperformancetestresultsofthespinsplitter・ A

phase-spinecho interferometerwas proposed as an

applicationof the spin splitter.91 We dcmonStrate
experimentallythepeliormanceofthephase-spinecllo
interfierometer.
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（2．1）

whereeistheprecessionangle.

This equation shows that thepolarizedneutron is

equivalent tothecollerentsupelpositionofthetwospin

eigenstatesalongtheZ-axis. Thephasedinerencee

betweenthetwospinstatesisequaltotheprecessionangle

Gofthepolanzedneutron. Therefbre, ifwecanproduce

thetwospineigenstateswithaphasedinerencebya

lnultilayerspinsplitter､wecouldhaveanotherprecession

devicebesidesthecom'entionalLannorprecessionina

magneticfield.9)
Weconsideramultilayerspinsplitterwhichconsistsofa

magneticmultilayermirrorontop, fbllowedbyaGegap

layerandanonmagnelicmultila)'ermirror､asshownin

Fig.l. Wllellapolarizedneutron intheXLYplane is
incidentonthemultilayer,+1/2spincomponelltofthe

neutronisrenectedbythemagneticmirroronthelopside

and-l/2spincomponenlisrenectedbythenonmagnetic

111irroronthebottomside.ThephasediHerence'between

thelwospinstatesisproducedbylheemecIivegap
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Itshouldbenotedthat inthesiliconinterferometera

wholeneutroncreatesnoprecession,becauselhefbnvard

beamof the interfbrometer is complementaryto the

deviatedbeamandbothprecessionsoftlletwosubbeams
arecanceledbVeacholher6,8).

X

Z §.3, PerformanCeteStSonmultila)'erSl)inSI)litterS
PerfOrmancetestsofmullilayerspinsplittersweremade

withanewspininにnerometer. '0)Thespininterferometer
isanalogousopticallytoaconventionalspinechosysteln

withvenicalprecessionfield. Theinterferometerhasa

polarizer, two 7t/2-nippers, a 7t-nipper, twovertical

precessionflelds、avemcalguidefield､ananalyserandtwo

goniometersinthetwoprecessionfields,asshowninFig.2.

ThreenipperconsistofthesameMezeicoilsandtheother

verticalmagnetic fieldareprodecedbycoilsof the

Helmholzt)pe.

ThepolarizedneutronalongtheZ-axisisturnedtothe

Y-axisbythefirst 7T/2-nipper. Then, neutronspinina

verticalmagneticfield,whichisproducedbyaguidecoil

andtwoprecessioncoilscreatesprecessionintheXzl'

plane.Wecanmeasuretheneutronspinprecessionangle

usingthesecond7t/2-nipperandtheanalyser.

Thespin interferometerhasnotablefeaturesdiHerent

fromconventionalspinechosystems,asfbllows:

(a)Magneticmirrorsusedintheinterferometerfimction

inavelylowmagneticfieldlessthanlOOe.'')
(b)Avelylowmagneticfieldisappliedtothesystem,and

thespinprecessioninthesystemhasavelylow
rotationnumber. Thisallowsuseasvobservationof

〃

theopticsandinterferometlyrelatedtothecoherent

supemosition.

(c)NeutronspinStaにsarecontrollablebvmultilaver
mlrrors．

(d)Amultilayerinterferometercanbemountedinthe
sVstem.
ヴ

The first spin interferometerwas set upatKyoto
Universitvresearchreactorinthelastautumn. Another

ヴ

spininterferometerwasinstalledattheC3-l-2beamport

ofJRR-3reactor.Thisbeamportisfbrcoldneutronoptics
and interferometrv. '2) Incident neutrons are

ヴ

monochromatizedbyfbur sequentialBraggrenections

using fburmultilayermonochromators・ Theneutron

wavelengthisl26Aandthewavelengthresolutionis
3．3％．

Inordertomakeperfbnnancetestsofamultilayerspin

splitter,wesetitinthesecondprecessionfield. Spi,lecho

profileSweremeasuredasfilnCtionofthecurrentofthefirst

precessioncoilPC-1,inordertocheckthecontrastofspin

echoprofiles.

Whenwechangetheneutronincidentangleeofthe

lnultilayerspinsplitterbyAathephasediHbrencechanges

also､ ThechangeA'isgivenb)' theequalion,satisfying

8<<0andA8<<0

A'="{"(8)sine-"(β十A8)sin(8+Aβ）
ん
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Fig.1.Structureandprincipleofamultilayerspinsplitter.The
spinsplitterconSistsofamagneticmultilayerontop,fbllowed
byagaplayex･andanonmagneticmultilayeronawell
polishedsiliconsubstrate,andproducescoherent
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Fig.2. Structureofanewspininterftrometer,whichis
analogousopticallytoaspinechoequipmentwithvertical

preceSSion6eld; 1Slit,2POlariZer,3FirSt兀/2-Hipper,4First
PrecessionCoil (PC1),5兀-Hipper,6SecondPrecessionCoil

(PC2),7Second兀/2-Hipper,8Analyzer,9Detector. Two
goniometers inthetwoprecession6elds4and6allowusto
mountamultilayerinterfbrometerwiththephaseecho
condition.

tmcknessDandgivenby, taking"(aas theaverage

refi･activeindexoftheeHectivegaplayer,

'=4"D"(9)sin8 （2．2）
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where8is theneutron incident angle, 1theneutron

wavelength,Aﾉandbcaretlleaverageatomicdensiq'and

coherent scattering lengthoftheenectivegap layer,

respectively.

Theabovedescriptionshowstllat themultilayerspin

splittercouldbeanotherspinprecessiondeviceandthenon

magneticgaplayeroftllemultilayerspinsplittergivesrise

toneutronspinquantumprecession,whichdependsonthe

gaplayerthickness、 thencutronincidemangleand!he

neutronwavelength.

一
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A'isequaltothechangeofneutronspinprecessionangle,

whiCllbringstheShifioftllemeasuredSpinechoprofile.

Thegoal oftheperfbrmance test is todemonstrate

experimentallywhetherornottheshiftofthespinecho

profilemeasuredfbrangledisplacement△βcorrespondsto

theChangeofthepllasediHerenceA'by theangle

displacement .

Wepreparetwokindsofmultilayerspinsplitterswith
0 O

eHectivegap thicknessDof3700Aand6700Afbr

perfbrmance tests. Themultilayer spinsplitters are

depositedonwellpolishedsiliconsubstrateswhichare

placedinmagneticfieldofaboutlOOOe. '')Themagnetic
multilayerontopconsistsof7bilayersof43-permalloy(Pa)

andgermanium(Ge)oflOOAthicknessinoptical length,
whichfimctionasamagneticmirrorinalowmagnetic

fieldof50e. Thenonmagneticmultilayeronthebottom
sideisaconventionalNi/Timultilayer,whichhastllesame

opticaldesignas themagneticmultilayer. Theactual

thicknessesofdeposiにdlayersarel32A, 132A, 108Aand
｡

98AfbrthePalayer,Ni layer,Ge layerandTi layer,

respectivelXtakingtheirrefractiveindicesintoaccount.

Thegaplayerthicknessesofgermaniumare2000Aand
5000AfbrDof3700Aand6700A, respectivelyTheir
thicknessisequal tothegapthicknessaddedtohalfthe

totalthicknessofthetwomultilayers.

Fig.3shows thespinechoprofilemeaSuredfbr the

multilayerspinsplitterwithD=6700A. Theabscissa
indicatesthePC-lcurrentandtheordinatetheneutron

counts. ThecurrentofPC-2is4.5amp. Thespinecho

conditionfbrtheLarmorprecessioninthemagneticfieldis

satisfiedatPC-l current=4.5amp,wllerewecannot

observeanycontrastofthespinechoprofile.We,however、

findthecontrastrestoredinlowercurrentregionofPC-l.

Themeasuredprofile shows that thesystemllaS the

mechaniSmtoreStorecontrastoftheprofile,which is

relatedtoakindofechophenomenabetweenphase
diHerence andLarmor precession. The fbllowing

experimentsaremadeinthecurrentregionofPC-lwhich

givesamaximumcontrastofspinechoprofile.

Typicalmeasuredspinechoprofilesfbrtllespinsplitter

ofD=3700AareshoWninFig4togetherwithfiited6urves
fbrsequentialangledisplacementsofO.03deg. step. The
abscissaisthecurrentofPC-lprecessioncoils.Thesolid

line indicates the standard case witllout angle
displacement.Thedottedlineisfbranangledisplacement

ofO.03deg.,whicllshiftsbyO.036amp・ tolowercurrent
thanthestandardprofile・ Thebrokenlinefbrthenext

angledisplacementofO.03deg.,whicllshifisbyafilrther
0.033amp. tolowercurrentthanthedottedechoprofile.

The sequential shifi ofmeasured spinechoprofiles
demonstrateagoodagreementwiththepredictionfrom

Eq.(3.1)fbrthesequentialangledisplacements・Averaged

periodofO.116amp・ of themeasuredechoprofiles

corresponds toneutronspinprecessionangleof2兀．

MeasureddataaresummarizedinFi9.5fbrthetwokindsof

multilayerspinsplitters.Theordinateisthemeasuredshifi

ofspinechoprofiles and theabscissa is tlleangle
displacement. Thesolidlineandthebrokenlinearethe

datafbrthetwomultilayerspinsplitterswitlldepositcd

eflbctivegaptllicknessof3700Aand6700A,respeCtively
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Fig.3.Measuredspinechopro61efbramultilayerspinsplitter
U

withe(YEctivegapthicknessof6700Amountedinthesecond
precession6eldPC2. Thedataistakenfbrtheconstant
currentofPC2of4,5amperes. SomereCoverVofthecontrast

ofspinechopro61eisobse,-vedinlowercurrent sideofPC
1．
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Fig.4.Typicalshiftsofspineehopro61esofamultilayerspin
splitterwithJ3700Ameasuredfbrsequentialangle
displacementofO.03deg. step. Solidline,dottedlineand
brokenlinearefittedpro61esfbrangledisplacemen[sofO
deg.,0.03deg.and0．06deg.,respectively.Thedata
demonstratesthatthespinechopro61esshifttolowercurrent
sidewithlargerangledisplacement.
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The figure shows thal the echopronle shifis are
proportional totheangledisplacementSandtheeHective
gapthickness is ingoodagreementwiththequantum
precessionpredictedfi･omEq.(3). Thisdemonstratesthat
thequantumprecessionbyamultilayerspinsplitter is
equivalenttotheLarmorprecessioninamagneticfield.
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§.4. Performancetestsonanewl)hase-sI)inecho
inte㎡もrometer

WhenwearrangetwoidenticalSpinsplittersparallelto
eachotherinthetwoprecessionfieldsasshowninFi9.6(a),

thesystemsatisfiesthephaseecho'3)andtllespinecho
phenomenon'4)simultaneously.
Thesimultaneousoccurrenceofthetwoechophenomena

isillustratedinFi9.6(b).9)Apolarizedneutronin山eXEY
planeissplitintothetwospinstatesoftlleZ-axis､witha

phasedinerence,bythefirstspinSplitter・ The7T-nipper
reverses two subbeams. The reversedsubbeams are

reflectedandsupelposedbythesecondspinsplitter. The

neutronpolarizationstatusisrestoredcompletelybylhe

phaseechoandspinechophenomena.
Sowecallthissystemaphase-spinechointerfbrometer.
Themeasuredspinechoprofilefbrtheinterferometeris

showninFi9.7fbrD=6700AComparisonofFig4and
Fig.7demonstrates considerable improvement of the

contrast of spinechoprofileS by tlle simultaneous

occurrenceofphaseeclloandspinechophenomena.

We propose two applications ofphase-spin echo

intelferometer. Oneisthealternativedevelopmentofa

highresolutionandcompact spinecho spectrometer,

because thephasediHerenceof lmmgap thickness

corresponds toabout lO5 rotations ofneutron spin
precessions. AnotheristhedevelopmentofaJamntype

coldneutroninterferometerwithvariableseparationofthe

subbeams,whichcouldbevelyusefill tool fbrcollerency

studvofneutronwaves.

It shouldbenotedthat it isnot easy lodevelopa

multilayerspinsplitterwithwidegapwidthofl lnmor
variablewidth.
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Fig.6.(a)Anarrangementofaphase-spinechointerftrometer
usingtwoidentiCalmultilayerspinsplitters,whichare

mountedinthefirstprecession6eld4andthesecond
precession6eld6･ Theordinalnumbers indicatethesame
deviceSthatareindicatedinFig.2. (b) IlluStrationofthe
simultaneousoccurrenceofphaseechoandspinecho

phenomena.Thephaseechorequiresa兀-turnnipperaswell
asapairoftheidenticalmultilayerspinsplitters.
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§.5. Conclusion
Themultilayerspinsplitterwasproposedrecentl)'asa

neutronspinquantumprecessiondevice, basedonthe

quantummechanical coherent supeIpositionofthe two
spineigenstates. Theperfbrmanceoftllemultilayerspin
splittershasbeendemonstratedexperimentallywithanew
spin interferometer. The experiments verified the
lnultilayerspinsplilterasaneutronspinprecessiondevice
aswellasthecoherentsuperpositionprincipleofthetwo
spineigenstates. Themultilayerspinsplitterconsistsofa
magneticmullilayerlnirrorontop,fbllowedbyagaplayer
andanonmagneticmullilayer. Thestructureofthespin

splitterproducescollerentsupelpositionofspineigenstates
withaspacialphaseshiii,whichgivesquanlunprecession
angle.
Wehavedevelopedaphase-spineCho interferometcr

usingapairofmultilayerspinsplitter,whicharearranged

tosatisfyphaseechoandspinechosimultaneouslyinthe
newspininterferolneter. Ahighresolutionandcompact
spinechospectrometer anda Jamin typemultilayer
illterferolneterfbrcoldneutronsareproposedas

PC－2＝2.0A

0

1 2 3 4

PC-1Current (A)

Fig.7.Measuredspinechopro61efbraphase-spinecho
u

interftrometerwitheffEctivegapthicknessof6700A.
ContrastofthespinechoprofilesarerestorednearlyperfEctly
bythesimultaneousoccurrenceofthephaseandspinecho
phenomena.

applicationsofthephase-spinechointerferometer.
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