
Proc. 1nt・SymposiumonNeutronOpticsandRelatedResearchFacilities,Kumatori, 1996
J.Phys・Soc.Jpn､65(1996)Suppl.App. 183-188

NeutronSpinEchoOptics

NorioAchiwa,MasahiroHino, .SeijiTHsaki, ､TbruEbisawa, ''1bunekazuAkiyoshi

and｡TakeshiKawai

Depα""'e"jQ/PIIMsIcs,Fqc"/"Q/s℃/e"ce,Kyws/7"[ﾉ)7/veJ's/肌”た卿o〃α8ﾉ2, ､LHE4Aノ
写

Reseα'℃ルルαC/Oﾉ･"'s/""re,Kyoro(ﾉ刀八'ersj"K"’"α/o",Osα〃α刃0-04, &L4B4"

(Receivedl8Marchl996;acceptedl9Julyl996)

RecentlyproposedeXpenmentsibrneutronspinopticswereextensivelycamedoutusingatransverseneutronspmecho

(NSE)mstrumentfbrtheneutronoptics,whichwasinstalledatCN3guidetubeofthecoldneutronsourceatKyoto
UmversityReactor(KUR).BysettingacrystaloramagneticfilmmoneoftheLannorprecessionfields,aphaseshiffand
achangeoftheNSEsignalsthroughthesamplewereobserved. TheshiftofNSEsignal throughthesamplewas

mterpretedasthephasechangebetweenTand4spinwavefimctionsofneutronas inthefbllowingcases: (1)
measurementofreiactiveindexofSiclystalbyfbrwardscattemgNSEmethod,(2)measurementoftraversaltimes

throughamagneticthinmm(Fe,orpennalloy)abovethecIiticalangleoftotalrenectionbytheLannorclock,(3)neutron
spininteribrenceoftunnelingneutronsthroughthemagnetictlUnmmsand(4)phaseinterierenceofneutronspinwave
fimctionsmtheibrwardscatteringthroughamagneticmultilayerincaseoftheBraggrenectionobservedbyNSEsignals.
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§.1. Introduction

ImportanceoftheneutronLarmorprecessiontothefield

ofneutronopUcswasfirstrealizedthroughtheverification

of47tperiodicityofspinorwavefimctionbyRaucherq/・ '）
andWerner e/ α/.2) bymeansofpolarizedneutron
interfbrometly.ThecoherentpropertieSofaneutroninthe

processofLarmorprecessionwas alsodiscussedby

Mezei､3),4) Foraspin)/ineutron,astationa,yspinwave
fimctionrotatinginspaceintheperpendicularplanetoa

magneticfieldHisexpressedbyacoherentsupelposition
ofmetwospinstatesasfbllows,

fbr/』〃<<EThisrelationisrewrittenbyusingtheLannor

frequencyaと=2/fH/7iasfbllOwS:
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where lノ is theneutronvelocity. Here, theLarmor

frequencyisdirectlyproportional tothephasediHbrence

betweenl､and､lspinwavefimction. Ifwehaveextra
phasedelays6"± inbothofthespinwave fimctions,

respectively,byinsertingaphaseshifterinthemagnetic
field, then

W' ‘ﾙｰ方卜鶏(j 報峰(11 ， （1．1）

(J､3
（1．7）

andtheexpeCtationvaluesof<Sk>,<S>and(SM)aregiven
by

<4>="<v';qJ">-"c･s(4,半伽-67L);
(1.8)

<s">-"<"':｡ﾙ'>=-jisin(A'半珈-伽‘
（1．9）

<s'>-"<"':．〃>=0, ('Jo)

aretheeigenstatesof'randJ,spinwhere

wavefimction.

appears inthe

indices〃±：

Here, theeHectofthemagneticfield
wavenumbersんandintherefractive

(!亨割“L=h0"±＝〃0 (1．2）

whereE=ji2":/2"'and"',＃』,"andkoarethemass,
themaglleticmomentofneutron, theappliedmagnctic
field, and thewavenumber in theabsenceoffield,

respectively.Wewill lookatthephasediHerencebetween

1､andl,spinwavefimcUons:

A'=(k十一ﾊ_)r=6kr (1.3)

=h｡("+－"_)r (1.4)

≦-k｡害,， （1．5）

whereq,α↓andqarethePaulimatricesdefinedby

"-(W"-(M

盛ゞ肥）
(1．11）

Then,wewillgetanextraspmrotationof677=J77+-677_by
insertingthephaseshificr.
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Thisprincipleopensmanyapplications ofLarmor

precesSionfbr fbIwardscatteringofneutrons through

magneticmaterials.BUttikers)extendedtheprincipletoa
moregeneral case; thephaseshifidue toatunneling

potentialwasalsointelpretedastheLarmorprecession.
Balyshevskiierq/.6)andFrank7)discussedanadditional
precessionoftheneutronspinthroughnonmagneticmatter

inanappliedfield. Balyshevskiiproposedneutronspin
interferometlyusing a neutron spin echo (NSE)

spectrometer. TheNSEmethoddevelopedbyMezei8) is
oneofthebestprinciplestomeasureLarmorprecession.

TheNSEmethodutilizedthephaseconvergenceofLannor

precessionbya7tspinflipperafierpassingoneofthetwo

precessionmagneticfields,whichallowsonetomeasure
theshiftOfLarmorprecessionveryprecisely. Thesmall

changesofneutronvelocitybyinelasticneutronscattering

processesareusuallymeasuredbytheNSEmethod.New
applicationsofNSEarepossibleifweinsertasamplein

oneoftheLannorprecessionfieldsandmeasure the

additionalspinrotation.

Wewill extensivelyapplythenewNSEmethodfbr

severalinterestingopUcalphenomenabyusingatransverse

neutronspinechospectrometer9) installedontheCN-3
guidetubeIo)ofthecoldneutronsourceatKyotoUniversib'
Reactor(KUR).

i. MeasurementofUlerefractiveindexofSicrystalsby

fbrwardscatteringNSEmethod.

ii. Multiple elastic fbrward scattering throughBe

polyclystalsobservedbyNSEmethod.

iii.Measurementoftraversaltimes throughmagnetic

thinfilms(Fe,permalloy)abovethecriticalangleof

totalreflectionbytheLannorclock.

iv. Neutron spin interferenceof tunnelingneutrons

throughmagneticUlinfilms.

v. Phaseinterferenceofneutronspinwavefimctionsin

fbrwardscatteringthrougllmagneticmultilayers in

caseofBraggreflectionobsen'edbyNSEsignals.

Sa
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Fig.1.ThedesignofthenewNSEmethodusingthetransverse

NSEinstrument.ThesamplewassetatnormalNSEposition
(a),attheentrance(b)andattheexit(c)ofsecondLarmor
precessionfield.TheelementsoftheNSEinstrument:
(1)CN.3supermirrorneutronguidetube, (2)Sollertype

Doublerenectionsupermirrorpolarizerl2),(3)兀/2spinnipper

coil, (4)FirstLarmorprecession6eld, (5)兀SpinHippercoil,
(6)SecondLarmorprecession6eld, (7)Sollertypesupermirror
analyzer, (8)3Heneutrondetector.

whereBis themagneticinduction. Sincetheneutron

velocitychanges inthesampleonlyfbrpureibl-ward

scatterin9,therefractiveindexisrelatedtotheshifiofthe

echopointagainstthesamplelengthD(seeBalyshevskii6)
em/.).

ThephaseshiftoftheLannorprecessionjust aner

passageofthematterisgivenbythefbnnula

｡=k｡["+(U)－"_(U)]D (2.3)

=-"｡¥D-k｡等差D=%+Ap (2.4)
，

"=-のL=z, andAo=-のL2(1-"), (2.5)
VO VO

而珂where, "0=、/2 ノi, 1'0=M｡/"',のL=2"/"
andtheapproximations"B'E<<landU'E<<lareusedin

gettingAのandn.

Themeasurementoftherefractiveindexat9-Oneedsto

eliminatethenon-opUcal factors、 suchas inelasticand

multipleelasticneutronfbnvardscattering・ TheNSE

signalmightbeamHectedbythefbllowingfburphysical

phenomena: (i)refractiveindexofneutroninasample, (ii)

magneticsusceptibiliWofasample､iii)multipleelastic
scatteringprocessand(iv) inelasticfblwardscattering.

Settingasampleatthenonnalposition(Fig.1(a)),theNSE

signalisam.ectedby(ii)and(iv).Attheentrance(Fig.1(b))
ofthesecondLarmorprecessionfield, theNSEsignal is
anectedby(i)~(iv).Attheexit(Fig.1(c)), theNSEsignalis
amHectedby(i)~(iii).

Thediferenceofpolarizationsof theNSEsignals
measuredaltwosamplepositionsattheentranceandthe

exitgivesinelasticneutronfbnvardscatteringprocesses.

Themultipleclasticscatにringproccsschangestllepath
lengthofneutronsthroughthesample. Comparingthe

NSEsignals, therefbre, measuredat nomlal sample
posilionand at the entranceof tlle secondLarmor

precessionfield,themultipleelasticproccssiscstimatedby

§.2.MeasurementoftherefractiveindexbvLarmor
imceSsi｡n!!) .
Wewill insertapieceofsiliconsingleclystal inoneof

theprecessionfieldsofthetransverseNSEspectrometer

andobserveanadditionalLarmorprecessionasshownin

Fig.1(b).

Theconditionfbrspinechoisgivenas

｛等割=“6Ⅳ＝ﾉvb-Jv!==
2万

（2．1）

where)f'=2.916kHz/Oe,"isthenumberofLarmor

precessions, / thelengthofthemagneticfield", vthe

neutronvelocity, andthesubscriptsOand lmeanthe

situationbeibreandafterthescattering,respectively.

Arefiactive indexofneutrons, ", passingthrougll a

nonmagneticmaterial isderivedfromtlleopticalpotential

U=(2冗ﾊ2/"I)ﾉVm,whereﾉVbisthenucleardensity,and',
thecoherent scattering lengtll. While inamagnetic
material,

（1-:零笥“ “”"+(U)=
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cIystalandBepolyclystal,whichareshowninFig,3(a)and

3(b), respectively.

Theclosedcircle,opencircleandopentriangleindicate

polarizationoftheNSEsignalmeasuredattheexitandat

theentranceofthesecondLannorprecessionfieldandat
thenonnalsampleposition,respectively. Thoughneutron

transmittancesthroughtheSiclystalof800mmlongwere

6.7%,thevariationofpolarizationoftheNSEsignalswas
notdetected. Tmsistheproofthat theelasticmultiple

scatteringandtheinelasticprocessesarenotimportantfbr
determnationofrefiactiveindexfbrtheSicrVstal.Onthe

〆

otherhand､hecleardependence inpolarizationofthe

NSEsignalfifomthesamplelengthwasmeasuredfbrBe

polycIystals,whicll isduetomultiplescatteringbygrain

boundaries. Themultiplefbrwardscatteringin. theBe

polycIystalcontainsvariousdistributionsofneutronpath
length.Then,theamplitudeoftheNSEsignal,P(Z,)withZ,
thesamplelength, istheaverageofechofimctionwith

respecttotheneutronpathlength/j,

LarmorPrecessionnumberinSi

0 723 . 1446 2169 2892
0.1 I U I

－

…

５
０

００

（
』
の
Ｑ
戸
匡
．
こ
こ
Ｏ
あ
の
①
。
①
』
Ｑ
』
○
一
仁
』
呵
Ｊ
）

↑
Ｅ
ｏ
Ｑ
Ｏ
二
○
①
一
○
差
垂
切
の
ニ
ト

0 200 400 600 800

ThicknessofSi[mml

Fig.2. TheshiftofNSEsignalsof3000tumsmeasuredby
changingneutronpathlengthofSisinglecrystal.TheNSE
signalwithoutSi is inserted・Thestraightsolidanddotted
linescorrespondtotheobservedandtheoretical refractive
indexofneutron,respectively.

P(L)=<cosv,I(L)> (2．6）

Tllepolarizationdependenceofsamplelengthseemstobe

linearas shown inFi9.3(b). Thecontributionfiom

inelasticneutronfblwardscatteringwas obscuredby

experimentalerrorincaseofBepolyclystals.。
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§.3.LarmorpreceSSionthroughamagneticthinfilm'3)
LetusconsiderLarmorprecessionthrougllamagnetic

thinfilmwhentheincidentangleapproachestothecritical
angleoftotalrenectionwithdecreasingangle・Usuallythis
problemis reduced to that of a one dimensional

SchrOdingerequationperpendiculartothefilmplanewith
amagneticandanuclearsquarepotentialbamerinthe
film. BUttiker has shown that additional Larmor

precessionthroughamagneticfilmisproportional tothe
phasediHerenceofneutronwaveiimctionsbetweenthose

Offand4spin
Thewavefimctionofthe incidenibeaminLannor

precessinginanextemalfieldisgivenby

’|">=vt(;,.、 1償” ･“｜ﾘ>＝万ei‘‐

5

‐｡T悪霊函而『
5
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Fig. 3. PolarizationoftheNSEsignalsversusthicknessof
sampleofneutronthrough, (a)Sisinglecrystalof200,400,
600or800mmlong, (b)Bepolyc'ystalof40,80, 120or

160mmlong,fbrthetotalLarmorprecessionsof2010tums.
ThepolarizationwasnormalizedbythepolarizationofNSE
signalwithoutasample.Transmittanceofdirectneutrons
throughsampleis insertedtoeach6gures・Theclosed

circle(･),opencircle(｡)andopentriangle(4) indicatethe

polarizationsmeasuredattheexitandattheentranceofthe
secondLarmorprecession6eldandatsamplepositionof
normalNSEmethod,respectively.

thepolarizationdependenceoftheNSEsignalswith

samplelength.Theshiftoftheechopointwasmeasuredby
changingtheneutronpathlengthofaSisinglecrystalas
showninFig.2. TheNSEsignalwithoutSiisinsertedin

Fi9.2.
Thedottedlineindicatesthetheoreticallinefbrtheshifi

byneutronrefractiveindexoftheSisingleclystal inthe

secondLarmor precession field. This is the fIrst

experimental evidence of neutron refractive index

detennined byNSEmethod. The experimentally

detenninedneutronrefiactiveindexofSiisl-(1.85

1.16)×10~sfbr5.7AThedeviationofrefractiveindex
fromlisl.7timeslargerthanthetheoreticalvalue.

ThevariationofthepolarizationoftheNSEsignalwas
measuredbychangingtlleneutronpathlengthofSisingle

wherethe5=&-aistheincidentLannorphaseandtlle
extraphaseisaddedaitertransmittingthemagneticfilm.

TheadditionalprecessionAp=A"-A似isgivenbythe
fbllowingdefinitionofthephases,

tan(")=g=E干tan(K+d) ,
う

2"+"
（3．2）

tan(A')=ル2+K2=tan(K_d)
2ルK

Heredisthethicknessofthemagneticfilln;wavenumber

in the precession field " is given byfield 〃 bv

|jlHI)//I;E=(M)2/2"'; and !hcﾙ±＝､/2"1(E干|“|)月;E＝(肌)2/2"'; and 1hc
wave number in themagnetic film is given byグ

／ﾙ
J

K+=､/2"'(E-([ﾉ干|"BI))
NowwewillsimulatetheNSEphaseshiftsthroughllle
magneticfilmmeasuredatvariousincidentanglesabove
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NSE shifis arewell reproducedby the calculated

precesSions,A'=△仏-A'inEq.(3.2).
TheextraLannorprecessioncanbeintelpretedinterms
ofaLarmortimer;b)･ fbllowingBUttiker,

のLr=A'=A似一A似 (3.3)

ThistimeriSjusttlletraversal timeoftheneutronspent
insidethemagneUcfilm. Themaximumtraversaltimeat
thecriticalanglethroughanironfilmwiththethicknessof
790Aisestimatedtobe22×10~8sec. Forincidentangles
muchlargerthanthecnticalangleofthelotalrenection,
theLarmorprecessioncanbeapproximatedas,

‘‘=臆""筈， （3．4）
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1ncidentangle(degree)
hered is the thickness of themagnetic layer, and

/2"I(E-U)//i庶伽側僅＝､/2版(E－U) /i
§.4.Larmorphaseduetotunnelingpotential 14)
WhenLannorprecessingneutronsare incidentona

magneticthinfilmofironorpermalloyatasmaller
glancinganglethanthecriticalangleoftotalreflectionfbr
1､spin, thefspinneutronsaretotallyreflectedandtheJ
neutronspassthrough. But ifthemagneticfilmisthin

enoughtotunnel, thetunnelingl､neutroncancoherently
couplewithJ,neutronsafterpassingthroughthemagnetic
film,resultinganextraLannorprecession. Againusing

theone-dimensionalsquaredtunnelingpotenlialfbrthef
neutron, theextraLannorprecessionisgivenbyA'=

A仏一A′whichiscalculatedbythefbllowingequations,
insteadofEq.(3.2),

Fig.4.TheshiftofNSEsignalstrVlsmittedthroughamagnetic
ironfilmwiththickneSsof790Aasafilnctionofincident

angle. ThecloSedcircles indicatethemeasuredshiftandthe
solidlineindicatesthecalculatedvaluesfrommatrixanalysis

ofneutronspinrotationandofone-dimensionalSquare
potentialfbrSchr6dingerequation・Here,thenuClearandthe
magneticpotentialsareassumedtobe209neVand90.4neV,
respectively・Themaximumtraversaltimeatthecriticalangle
isestimatedtobe2.2×10-8sec.

Fe55Ni45200Amonolayer

-inddentwavelengU15.8 0.72A
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tan(A4)=EFE≠tanh(K手α) ,
勺
全

2h+K_
（4．1）

tan(△似)=4=‐= tan(K_d) .
2ルK

HerethewavenumbersaredefinedsimilarlyasinEq.(3.2)

//i fbrE<(U+'MBI)､/2"'(U+|"|)-E)except"=

Nowwe llavemeasuredaphaseshifiofNSEsignals

throughpermalloy45(Fe55Ni45)filmwiththicknessesof

200AacrossthecriticalangleasshowninF喝3.Belowthe
criticalangleoffneutronfbrpennalloy45(Fe53Ni45)film
withthicknessof200A,theNSEsignalcouldbeobserved
thoughtheamplimdeoftheNSEsignaldecreasesThe

shiitoftheNSEsignal throughthepermalloyfilmwas

maximizedatthecriticalangle.TheshifiofNSEsignalis

well reproducedby the theoretical curves basedon

Eq.(4.1).

IftlleconceptofLarmorprecessionisalsoenectiveinlhe

tunnelingsIateofneutrons、 the tunnelingtimecanbe

obtained using the Larmor time as discussed in

Eq.(3.3).Usingthemagneticinductionofl.8Tinthe
O

pennalloyfilmof200A, thetunnelingtilneisestimatedlo
be3.6=t10-9sec.

Recent tlleoretical estimalionoftunnelingtimeusing

Nelson'sstochasticapproachbyOhbaerq/jsbeautifillly
explains thelunnelingbehaviOrinFi9.5. As fbrlhe

lunnelingproblem, tllerearestillmanydiscussionsgoing
onRefl6.

2 4

1ncidentangle(degree)

Fig.5.TheshiftofNSEsignalsthroughmagneticpermalloy45
thin61mwiththicknessof200Aasafi'nctionofincident

angle.Theclosedcirclesindicatethemeasuredphaseshiftand
thesolidlineindicatescalculatedphasediffErencebasedon

one-dimensional squarepotential fbrSchr6dingerequation.
Thedottedvertical lines indiCatethecriticalanglesoftotal

renectionfbrl､andJneutronswiththewavelength5.8A
Herethenuclearpotentialq,uclandthemagneticpotential

qnagareassumedtobe220neVandlO8.5neV,respectively.

thecriticalangleofbotlrrandJ,spinneutrons.
AftertransmissionthrougllthemagneUcfilm,,and､l
spinneutronshavediHerentphases inthespatialwave
iilnction. Figure4showstheshifisofNSEsignals(echo

points)atvariouSincidentanglestoanironfilmwitha
ihicknessof790A.

Hereusingthenuclearandmagneticpotentialsofthe
ironfilm209neVand90.4neMrespectively, theobserved
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§.5.Larmorprecessionthroughamagneticmultilayer
Permalloy45(Fe55Ni45)-Gemagneticmultilayerfilmhas

periodicpotentialof316neV-93neVfbrl､ spinneutrons
andl24neV-93neV(almostconstant)potentialfbrJspin
neutrons. Whenneutrons (Larmorprecessing) pass

throughthemagnetiCmultilayeratBraggcondition, it is
expectedtllattheamountofextraLamlorprecessionShows

ananomalyattheangleofBraggcondition. Duetothe

multiplereflectionamongtheperiodicmagneticpotential

fbrthelspinneutron,apaltof'ispinneutronsisrenected
atthesuifaceofthemultilayerandtheotherpanofthem

aretranslmttedthroughthemagneticmultilayerwithan

extraphaseofthewavefimction. Afiertransmittingthe

multilayer, thewavefilnctionoffspincoupleswiththatof
tllej,spin,resultinganextraLarmorprecession.Againwe
needtodealonlywithwavevector〃Lperpendiculartothe

sulfaceplane ofmultilayer. By soIving the one-

dimensional SchrOdinger equation fbr the periodic

magneticpotential,thewavefilnctioninthe/-thmultilayer
inthestateofLannorprecessionisgivenby

w/±(r)=Aﾉ± .ejkJ糞'+Bﾉ± ･e-吻塞『 ． （5．1）
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Fig.6.Onedimensionalperiodicpotentialsofpermilloy45

(100A)Ce(50A)multilayerofl7bilayersfbrl､andJ,
neutronspins,respectively. Thepermalloy45-Gemagnetic
multilayer61mplaysperiodicpotentialof316neVL93neVfbr

1spinneutronsandl24neVE93neValmostconstantpotential
fbrl,spinneutrons.

PalOOA-Ge50A17bilayers
１

５
０

０

言
Ｏ
あ
い
①
○
の
』
且
』
○
Ｅ
」
何
斗
）
差
こ
め
芒
石
Ｑ
○
二
○
山

が刈
言
の
め
○
○
三
言
涜
写
の
芒
Ｅ
Ｅ
の
⑩
層
切
自
国
ト

ー）

2
一一一

IfwerepresentWz(J")byavector at thefirst

一

(4)interface"±(ﾉ･0)= andatthelastinterface"(り)= ●
１

1

(‘:)、 using the reflection and the transmission

coenicientsj.+andr+.Thesearerelatedbvatransfermatrix
ダ

ル仏17)aS

）(）C)-("|:姪北 “”
SolvingEq.(5.2),onecanobtaintransmissioncoeficients

a§ ！±＝､/垂心't, wherenare tl,e transmissioⅢ
probabilities. ThenwegettheextraLannorprecession△′
＝△仏-△′throughamagneticmultilayer.

三

､/z7z
<sk>=/icos(雌－")i¥t･ '53'

<sI)--"sin("-");¥f'(a"/万了くS｝>＝-hsin(“‐“)Z＋r, (5 4，
ノiZ-r

<sz>= （5．5）

2Z+r

却2 3 4

Incidentan9le(de9ree)

F協鰄淵j鰐(織灘蹴柵藍珊nslty
bilayersasafIlnctionofincidentanglewiththewavelength
resolutionofa"え=0.03atl=12.6ATheclosedcircles
representthemeasuredshiftandthesolidlineindicates

calculatedphasediffbrencesbasedontheone-dimensional

averagedsquarepotentialfbrthemultilayertreatedasasingle
layer.AttheBraggconditionanomalousphasedelayofthe
Larmorprecessionisseen.

PermallOy(Fe"N妬)-Ge7“x40mumlayer
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Then,theamplitudeoftheNSEsignal,Pcanbeexpressed
bythetransmissionprobabilitiesTLas

100

1“ I

<&y)
P=3 '} -｡'{' (5.6)

<sx,>|+;|<sz>〈s腿y>＋ラ<sz〉
～

4，/な

＝凡4J皿+|Z-zl '
（5．7）

wherePoistheNSEsignal intheabsenceofthcmagnetic
layer.
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Fig.8, TheNSEsignaloftransmittedneutronsthrough
pem'alloy45-Gemultilayerof20bilayerseachwiththickneSs

妙

of75AJ(a)at 1.0deg="raggand(b)at0.8deg.く先raggwith
theangulardivergenceoffZ=1.0×10-3radandwiththe

wavelengthresolutionofa"孔=0.07atl=5.8A.
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v. PhasedelayoftheLarmorprecessioninfbrward

scatteringthroughmagnetiCmultilayersincaseofUle

BraggrenectionobselvedbyNSEsignals.

Thegeneralprinciples inneutronspineclloopticswaS

establishedasthefblwardscattenngthroughamatterof

magneticornon-magneticmaterial inLannorprecessing,

bringingadditionalphaseshifioftheLarmorprecession

whichisjustthephasediHerencebetweenthel､and､!spin
wavefimction. Themethodhas large intensitygain

comparingtheusualneutroninterferometer､becausewe

neednobeamsplitterandjust lookat theLarmor

precessionofthefbrwardscatteringthroughthesample.

Aiierbeingtransmittedthroughasingleoramultilayer

magneticminoLaspinechoamplitudecanbeexpressed

onl)'byafimctionoftransmissionprobabilities71aSshown

inEq. (5.7).WhenthereneCtivityisveIyhighsuChas

tunnelingconditionfbrl､neutronorBraggconditionofl
neutrons, theamplitudeoftheNSEsignal is tllmost

4E"he｡皿~landZ<<l.ThuSproportionaltothe一
4仏十】

wehavea largeamountofintensitygaincomparinga
simpletranslnissionmeasurementofr+.Thisisagaindue
to the fact that aLarmor precession is acoherent

superpositionofl､andJspinwavefimction.
TheLannorprecessionofarenectedcasefbramagnetic
mirrorwouldbealsovelyinteresting.

Figure7showstheshifiofNSEsignalsacrosstheBragg

anglewhereat theBraggconditiononecanfindthe
anOmalyoftheLarmorprecessionusingthenewspinand

phaseechospectrometerinstalledatC3-1-2coldneutron
guidetubeatJRR-3M.'8)
Nowwewill lookat theNSEsignal at theBragg

conditionthroughthepermalloy45-Gemultilayerof20

WMMI:､mpanngbilayerswitheachofthickness

thatwiththeorBraggconditionasshowninFi9.8(b).Tlle

amplimdesoftheNSEsignalattheBraggcondition8=1.0

de9.andoHBraggpositionof8=0.8deg.areexpressedas

thepolarizationP=0.28and0.60, respectively. This

reductionofthepolarizationiscausedbytworeasons.At

theBraggconditiononlyfneutronsarehalfrenectedso
thetransmittedprobabilitiesarerf=0.5andZ=l.0.Then

theother50%oflneutronspassthroughthemultilayer
withtheBraggconditionand thencouplewith the

transmittedl,neutronsproducingtheLannorprecessionas
showninFi9.8(a).ThisamplitudeofNSEsignalshouldbe

P=0.85frOmEq.(5.7). Theobselvedratioofp,｡"。
＝＝

0.28/0.60issmallertllanP=0.85. Inordertoexplainthe

reductionofNSEamplitude there shouldbeanother

reason. ThisisduetotheeHectofmultiplescatteringina

magneticmultilayerwithintheBraggcondition. Ifthe

multiplescatteringproccssisallcoherent,wemustadopt

Eq. (5.7). Then,hedecreaseoftheNSEpolarization

shouldnotoccur. But iftheangulardivergenceand

wavelengthresolutionofthe incidentneutronsarenot

smallenough､heusual transmittedNSEsignalat the

Braggreflectionreduces thepolarization. Whenthe

multiplescatteringprocessesare incoherentwitheach

otheI;weshouldadoptthenaequationsimilartoEq. (2.6)
as

P=<"COS(",-A',)} (5B)
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Theaverageshouldbedonefbrevelymultiplerenectionﾉ．

Then the filrther reduction of the polarization,

0．85－2竺舞039canbeexplained.0．6

§.6.ConcluSion

Somenewexperimental resultsonneutronspinecho
opUcswerefirstshowninthefbllowingcases:

i. The refractive index of Si clystalswas iirst

detenninedbyfbrwardscatteringNSEInethodas l-
(1.83±l.16)×10-5ata7A.

ii. Multiple elastic fblward scattering throughBe

polyclystalswasobsen'edbyNSEmethodthrougllthe
linearpaUllengthdependenceofthereductionofNSE

amplitude.

iii. By themeasurement of traversal times through
magneticthinfilms(Fe,permalloy)abovethecritical

angleoftotal renectionbytheLannorclock, the

maximumtraversaltimethroughamagneticironfilm
isestimatedtobe2.2×10-8sec.

iv. Neutron spin interference of tunnelingneutrons

throughthemagneticthinfilmswasfirstobsewed.

Andthetunnelingtimeisestimatedtobe4±0.6X10-9SeC
ibrpermalloy45witllthicknessof200A




