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Authorshavemeasuredtraversal tmestransmittedthroughmagleticthmiilms(ironorpennalloy)withvarious

thicknessesusingLannorprecessionofneutronspinasaclock. ByinselTingthemagneticfIlmmoneofthe
Larmorprecessionfieldsofatransverseneutronspmecho(NSE)mstrument, theextraLamlorprecessionswere

measuredatvariousincidentanglesabovethecriticalangleoftotalrenection. TTlemagneticmductioninthese

magneticthinfilmswasmeasuredwithaSQUmmagnetometer. Abiretingenceofneutroninthemagneticiilm

producesdifferentpathlengthsibrl､andl,spmneutrons. Eveninthevicinityofthecriticalangle, theLamlor
precessionwasobservedandtheLarmorprecessionswerereproducedwellbythesimulationbasedontheone-

dimensionalSchr6dingerequation. Whenweconsidertheclassical imageofLamlorprecession, theobserved

traversalpathlength/correspondswelltoatraversalpathcalculatediromonlythenuclearpotentialmthemagnetic

fihnabovelhecriticalangle.

Lormorprecession,birefringenceofneutronKEYWORDS:Neutronspinecho(NSE),

§.1. IntmduCtion

Thoughtherehavebeensomeneutronexperimental

proposalstomeasurethetraversaltimeofneutronacross

amagneticthinfilmusingLannorprecessionasacIock
'),theyhavenotbeenperfbnneduptothepresent. This
presentpaperisthefirst trial tomeasurethetraversal

time andwas perfbnnedby using neutron spin

echo(NSE)method21 .
Amagnetic fieldexerts a torqueon theneutron

magneticmomentandthemomentprecessesaboutthe

directionofthefieldwithLarmorfrequencyak,、 The

resultingequationofmotioninahomogeneousmagnetic
fieldBis3)

型＝-だ×B=S×のL， (1.1)
鋤

のL＝|γ|B （'2）
Therebyj ifthefieldandthemagneticmoment"ofthe
neutron have dinerent directions, one observes a

precessionof"aboutB. Inahomogeneousmagnetic
field,theHamiltomanis

ハ ハ

ar=afb-/JB, (13)
l

β=;",6=(o',q,,ot), （1.4）
~

㈹毎=(制ok=

（1.3）
rl O

Jo,=(0 －
where"isthefifeeparticletenll,/iand"theneutron
magnelicmomentoperatorandthemagnitudeofthe

magneticlnomentrespectively,andq,q,, oZthePauli
Inatrices. The neutron spin is represented as

supcrpositionofwave fimctionsbetween twoStem-

GerlachstatesI1､>andl4>alongdirectionz4). These

statescorrespondtotwoZeemanenergieslevels. The

quasi-stationalywavefilnctioncanbedescribedas

lV'(r,r)>=

［‘"(-＃'"l令> ｡"#"川)」（ 川e汝〆

(1.6)

(j｡･d(3……SO剛…,↓ルwhere

respectively. FromEq.(1.6),

<Ⅷ>=<"{'｡り':｡w(r,r)>

（層"(＃'“'‘)≠｡"等,必し（ ））
力

三＝

2

=脇"{2'等〃） =jicos(のLr)
(1.7)

canbeobtained. Thisbehavioroftheobservable(SM>

is called theLannor precession, and theLannor

2IMB|
fifequencyisのL=-From6="1,Eq.(1.6)is

h

describedas

（蝉”）=．'倦化…“）Iw'(r,')>=

ば） “…｛“ ｡”
jAF
e －

=e"or

Thereibre, thephaseoftheLarmorprecession<Sk>

corresponds tothetimedependentchangeofphasesof

thewavelimctionsoffandl,spinneutrons.
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Regionエエエ (x>a) :

リノ"(+)=D+eik""% （1.17）ﾌ

ﾘﾉzﾉ(_)=D_e汰』(=)X (1.18)
、D

Thecoe伍cientsD*mulUplyinge'臆上xofthetransmtted
waveareobtainedas6)

Q=n/ze"e-M:L"'dg-i6ノュ フ

(1.19)
D=7'/2eiA"-e-ik｣(-)deW2.

HereTLarethetransmissionprobabilitiesgivenby

C%g'~~1Z=

I崎盟甑n2(Kd1℃ ｡塾”T=

REHection

下 V肱uc,＋Vm凸8
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H
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l ll lll

Vi=Vnucl士Vmeg=Vnuc,il"BI
27Th2
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lnn

B:magneticinductionin61m

mn : neUtronnlass

似: neutronmagnetlcmoment

p: numberdensityofatoms

bcoh : coherentscatteringlength
kll

Thicknessd

Tllephases increase across thebamer41 are

determinedby

霞|"g｡f｡tan(A4)=

"i(_)+K2

MMMsin2(K-d) ('2')tan(A4)=

ThestateofthespinofthetransmittedneutronS iS

determinedby

㈲｡』”｜¥'>=(|DJ2+|Q|2)-('/2)

Theexpectationvaluesof(Sk>,<S>and<SE)aregiven
by

(4)-"<w';｡,'w>■:淵際(1.23)
<sM)-"<"';"'w>=謝戸,¥'L'"

"|DJ2-|Q|2
<＆>="<,|当ぴ〃>=‐ (1.25)

21D+|2+|Q|2畠

FromEq. (l.20), these expectationvalues canbe
rewrittenasfbllows:

Fig.1． SchematicviewofalarmorpreCesSingneutronenteringintoa

magncticfilmatanincidentanglca

Here theproblemofrefractionandrenectionofa
neutronbeamatasurfaceofamediumisconsideredasa

one-dimensional SchrOdinger equation s) . Let us

consider the conditionshown inFig.1 fbrvarious

incidentanglesabovethecriticalangle. FromEq.(1.8),
thewavehlnctionoftheincidentbeamfbridealLannor

precessionisgivenby

ば形嶬 ・”
l

lv>＝万
whereaisequal totheLannorphasefbrarbitrary

neutronspindirectionandthisphaseincreasesacross

theappliedmagneticfield".
Inthetransmssioncase, theHamiltonianisdiagonal

usingthisspinorbasis. ThuswecansolveUleone-

dimensionalSchrOdingerequationfbrbothﾉ7/2and-h/2

Spincaseseparately. ThenthewavefimctionS inthe
threeregionsare

Regﾕonx (x<0) :
j5

V/J(+)=eikL(+)xe 2+A+e~ik'(+)x (1.10)
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l"I(_)=ejAL(-)xe2+'4_e-汝』(-)x (1.11) 一
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月
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A. The analyzer is an assembly ofmagnetic
supermirrors ofSoller slit t)pe, and tllemagnetic
supermirrorsaremadeofFe50Co50-Vmultilayerswith
widelyvaryingspacingsfrom675toll25A
Theexperimentswere camedoutwithchanging

incidentangleofthemagneticfilmwhichwasinserted

inthetransverseNSEinstrumentasshowninFig. 2.
ThewavelengthreSolutionwaS58±067(FWInVI)Aand
thedivergentanglewasO990×10~3rad. Theincident
anglewascontrolledbygomometerandtheanglewas
calibratedbymeasuringthepositionofthedirectand

renectedbeamsbyscanningadetectoralongthejノ
direction.

Thefilmsweredepositedonasiliconwaferofsize
句

130×63xO.6HⅢn'inanappliedmagneUcfieldofl400e.

Thefilmscanbesamratedunderlowermagneticfieldif

themagnetic field is applied to the filmduring

evaporation'0). Aquartzclystaloscillatorwasused、
andthethicknessmeasuredbvthemonitorwasalmost

ヴ

thesameasUlatobtainedbvtheneutrondiHiaction

method,However,asthethicknessisvelyimportantfbr

this smdyiwe reconfinned the thicknessbyusinga
neutronrenectometer '')atJRR-3MreactoratJAERI.

Themagnetic induction inmagnetic filmswere

measuredwithaSQUDmagnetometer atKyushu

University. Themagneticinductioninmagneticfilms

couldalsobemeasuredbytheshifiofNSEsignal.

However it is important toestimate thedegreeof

saturationofthefilmasafimctionofappliedmagletic
field.

HeretheeHectofthemagneticfIeldduringdeposition

wasfbundintheresidualmagnetizationasshowninFi9.
3. Thesaturatedmagnetizationperatomfbrironand

permalloy45filmsarel.25andO98Bohrmagneton
○

withthicknessesof790and2000A, respectively, and

Uleyaresmallerthanthemagnetizationofbulkironand

permalloy45(2.2andl.5Bohrmagneton,respectively).
TheresultalsomaVbeduetoareductionofthedensitv

〃 ソ

ofthinfIImsandtheerrorinthesize.

TheNSEsignalstransmttedthroughamagneticthin

filmweremeasuredatvanous incidentangles. The

incidentanglesgivevariouspotentials. Atfirst、 letus

considerthatl､and､!spinneutronssimplypassthrough
amagneticthinfilm、 sothat the incidentanglesare

abovethecriticalangleofbothl､andj,spinneutrons.
Inthevicinityoflhecriticalangle.birefringenceofa

neutroninthemagneticthinfilmproduceSdinerentpath

lengths fbr 'i and j, spinneutronSduringLannor
precessionasshowninFi9.4

oUPspln

1075 ＞

弓画
／

（2） （4）
(1) '~' ! "' (6) (3) (8)

Fig.2. Thelayoutofncutronspininterftrenceexperimentusing
transverseNSEinstrument・ ThesizeofbothslitlandslitZare

0.5(y)x lO(z)mm2. nleelementgoftheNSEinstrument: (1)CN3
supcrmirrorneutronguidetube,(2)SollertypeDoublereflcction

supermirrorpolarizer,(3)7t/2spinHippcrcoil,(4)FirstIarmor

preccSsionfIcld, (5)冗spinflippcrcoil,(6)SecondLarmorprecession
ficld,(7)Sollertypesupermirroranalyzer,(8)3Heneutrondetector.
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Fig.3. Magnedcinductioninanironfilmandapermalloy45film
唖

withthicknessof790and2000Aasafimctionofappliedmagnctic
ficldmeasurcdbySQJUIDmagnctometcr. Theclosedcirclcsarc
measuredvaluesandthelineiscalculatedvaluebyasplinefbnction

Eqs. (1.26)～(1.28)satisfytherequirement

<4>･幸くふ>,羊くﾕ>,=:胸： (1.29)

Whenthemagneticfilmisremoved(B=氏脇IJcI=0)

and6=0,<Sx),<Sy>and<Sz>are

<Sx>=hcos(A4-"), (1.30)

<sM>=一方sin(A4-A'), (131)
<Sz>=Q ('3')
ThisexpectaUon(Sx )corresponds totheLannor

precessionoftheneutroninahomogeneousmagnetic
field.

§.ZExperimental
Figure2shOwsthelayoutofthismeasurementusing

thetransverseNSEinstrument.7)'8) Thepolarizerof
doublereflectiont)pe9) isanassemblyofmagnetic
supennirrorsofSoller slit type, and it provides a
collimated,monochromatic, polarizedbeamwitha

negligibleamountof"2contamination. Themagnetic

supermirrorsaremadeofFe30COso-Vmultilayerswith
O

valyingspacingsfrom70to90A. Thedistributionof

wavelengths inthebeamfromthepolarizerandslits
svstemoftheNSEinstrumentwasmeasuredbvtime-of
シ ヅ

night (TOF). Themeanvalueof thewavelength
O

distnbutionis5.8Aandthedistributioniswellfiltedbv

aGaussianfimctionwithstandarddevialionoM=0.287

§.3.ResultSandDiScusSion

AfiertranSmissionthroughthemagneticfilm､↑andJ,
spinneutronshavedinerentphasesinthespatialwave

filnction. Fig. 5showstheshiftsofNSEsignals(echo
points)atvariousincidentanglesofanironfilmwitha
thickness of790AandFig6 shows thoseofa
permalloy45filmwithathicknessof2000AHerethe
nuclearand lnagneticpotentialsofthe ironfillnare

assumedlobe209neVand90.4neV;andthoSeofthe

Permallov45filmareassumedtobe220neVand
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precession iswell inにIpretedas the traversal time

throughpath (c)which isdueonly to thenuclear

potential. The lines are the shift ofNSEsignal

calculatedfromtheclassicalLannorfrequencyのLand

fburpathS(a)～(d)asshowninFig. 4 _ Theshifi is

givenby

応//v"－頑//v"-7G//v" (3｣)

＝のL(//v")=のr/ (3.2)
B-1.6xlO4 >>102>"(Oe)
whereBisthemagneticinductioninthemagneticfilm,

"theappliedfieldatmesampleposition(guidefield),vn

theneutronvelocityand/isoneofthepathsof(a)～(d)

asshowninFig.4inthemagneticfilm.

Heretheratioofneutronvelocityinavacuum(air)and

thesampleisoforderlO~5, sowecanconsidertheshiit
ofNSEsignal (echopoint)asafimctionofthepath

O

length /. For ironwith thickness of790Aand

pennalloy45filmwiththicknessof2000Athetraversal
timerwaSeStimatedtobe2.lxlO~8secat theinCident

angleofO.58oand4.4×10~8secattheincidentangleof
0.65｡,respectively.

Weclearlyconfinnedthefbllowingpointsinthecase

ofincidentanglesabove thecritical angle fbr total
reneCUon:

l. TheobselvedshifisoftheNSEsignalsconfonn

well toclassicalLannorprecessionpassingthrougha

refractedpathdueonlytothenuclearpotential ina

magneticfilm.

2. TheresultSofanumericalsimulationbasedonEqs.

(1.26)～(1.28)andonamatrixanalysisofneutron
spinrotationreproducedwell theobseIvedshifisof

theNSEsignals Theycorrespondtotheshifigiven

bytheproductのLTofLannorfrequencyのLandthe
traversaltimez

3． Eveninthevicinityofthecriticalangle, theextra
classicalLannorprecessionisconselved.

買
－町一｡ー－h－四一四～q－、、

(a) (b) (c) (d)

Fig.4. Schematicviewofclassicalneutronpathsduetorefractions.

(a)passingwithoutrefraction,(b)refracdonpathofJ,spin,(c)
refiactionpathduetoonlynuclearpotentialand(d)rcfractionpath

ofl､spinneutrons.

(1)Iron790AmollolayerV

１
５

０

（
貝
Ｏ
扇
吻
の
Ｕ
①
白
旦
肖
Ｏ
〔
届
出
命
日
盲
清
二
物
宕
負
５
且
◎
二

１

５
ｎ
Ｏ

Ｏ

（
目
。
届
ｎ
Ｕ
Ｕ
①
肖
旦
』
。
〔
眉
』
呵
自
宣
渭
こ
ぬ
一
頁
目
。
Ｑ
○
二
Ｕ
国

(2)Iron790Amo''olaVer

ｊ

１
Ｊ
Ｃ

ｄ
〃
！

／
Ｉ
ｒ ｊ

１
Ｊ
Ｃ

ｄ
〃
！

／
Ｉ
ｒ

& 0 " . ,2 . ､ ,4 ､ &0･5 = . 4 4･q. ､2'ncid:ntang'e(iegree) 閏臥5 Incidentangle(degree)

Fig. 5. TheshiftofNSEsignalstransmittedthroughmagneticiron
u

thinfilmwiththicknessof790AasafUnctionofincidentanglc
･I11eclosedcirclesweremeasuredandthesolidlinefbr(1)was
calculatedfrommatrixanalysisofneutronspinrotationandof
one-dimensionalsquarepotendalfbrSchr6dingerequation,andfbr

(2)wascalculatedfromthelarmorfrcqucncyのL andclassical
pathsofneutron.
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permalloy45thinfilmwiththicknessof2000Aasafilncdonof
incidentanglc. Thccloscdcirclesweremeasurcdandthesolidlines
fbr(1)andcalCulatedfrommatrixanalysisofncutronspinrotation
andofone-dimensionalsquarepotential fbrSchr6dingerequation,
andfbr(2)wascalculatedfromthel_armorfrequcncyのLand
classicalpathsofneutron.

96.5neMrespectively.

AsshowninFigs.5(1)and6(1),theclosedcircles

measuredvalueswerewellreproducedbythesimulated

linewhichisderivedfromthe shift ofNSEsignal
calculatedbyEqs. (1.26)～(1.28)andmatrixanalysisof

theneutronspinrotation. ThelinesincludetheeHect

ofthedistributionofwavelengths5.08～652ATl,e
peaksofbothlines indicatethewavelengthresolution
andalmosIcorrespondtotheclosedcirclesmeasured｡ so

thatweconfinn that thewavelengthresolution fbr

numericalsimulationwasadiustedtotheexperiments.
AsshowninFigs、 5(1), (2)and6(1), (2), theLarmor
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