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RF-nippercoilsopenvariouspossibilitiesinneutro11physics:spinechospectrometers,smallanglescatteringmsmlments,
newtypesofmterferometers,andapplicationsinparticleoptics・Wewanttoexplainthebasicpnnciplesofthecoilsand
theirapplications.
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1． Introduction

WesupposethatnextcenmIy'sneutronguidellallswill
lookmorelikeopUcallaboratoriesthanlikemaclUnellalls

-thereisnodramaticincreaseofprimarysourceintensity

withinsight,butnewfrontiersmghtbeopenedbyfilture

highprecision instrumentation. Someofthesenew

instmmentswillprobablybebasedonhighfrequency

magneticnippercoils. Thesecoilscancoherentlysplit

neutronbeams inspaceand/ortime; theycansimulate

magneticfieldsofveryhighprecisionandstability; and

theyCanbeusedfbr time-ofLnight applicationswith
resolutionsaroundlOOns.

ThefbllowingexplanaUonswillbebasedonquantum

mechamcs,becausefbrcombinationsofseveral flipper
coilsitistedioustofbllowtheclassicalmovementofthe

neutronmagneticmoment/4,. Describinganeutronina

magneticfieldBasatwo-levelsystem,withtransitions

inducedbytheRF-field, ismoreconvenientandmore

instructive.Ontheotherhand,mostinstrumentsareeasier

todescribeinaclassicalwayl andwewill fbllowthis

whenever it isappropriate. Quantum-mechamcal and

classicaldescriptions,ofcourse,givethesameresult,as

longasthepotentialenergyJABoftheneutroninthefield

issmallcomparedtoitstotalenergy,whichshouldalways
betruehere.

totalenergy(ineachcase±鈴･Bz), leadingtobeatsin

space and time betweenboth states. Adetailed

quantununechamcalcalculaUonofanippercoilisgivenin

refl.Calculationsfbrcomparablesystemscanbefbund

fbrexampleinref2-4.

ThechangeinkineticenergyalsocausesasplittingofUle

"-vectorby4"=±2/4,･Bz,//ivwherevisthen-velocity.The

splittinginLbyanippercoilwithstaticfieldstrengthBzis

equaltothesplittingattheboundaryofastaticfieldofthe

strength2･Bz,whichcaneasilybededucedfromfi9.1

割一一staticfieldBz-～
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2. Thenippercoils

Forthefbllowingapplications it isnecessalytosplit

neutronscoherentlyintwobeamswithdiHerent"-vectors.

Suchasplittingcancomfortablybeachievedbynipper

coilsconsistingofanRF-fieldBRrotatingwithLannor-

frequencyのLinthen/-planeandastaticfieldBz=のz/j'in

z-direction(seefIgl). Neutrons, travelinginj'-direction

andpolarizedinx-direction,aresplitattheboundalyofthe
staticfield in twostates IIJ +and 'P -withdiHerent

polarizationrelative to the fieldBz. Themagnetic

interactionleadstoachangeinkineticenergyfifomEbtoEo

±鮎,･Bz. TheRF-fieldismatchedinamplitudeand

frequenCy(のL=24の)toinvertcompletelythepopulation

ofbothstates,causinganexchangeintotal(andpotential)

energyofdE=2ﾉi4の＝千2/Jn･Bz,but-sincetllereisno

fieldgradient-nocllangeinthekineticenergy. Atthe

secondfieldboundalMthepotential energy is again

convertedtokineticenergy. Afterpassagethroughone

nippercoilwehavetwobeamswithdiHerentkineticand
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Fig.1.TheChangeS intotal,potentialandkineticenergyfbra
neutroninaHipper-coil.
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movingwiththeneutrons(velocityl')inafield-freeregion

doesnotseeanybeats, i.e. nospinprecession.

FortwoRF-nipperswithstaticfieldsBzseparatedbya

distanceL,dlewavefimcliondirectlybehindtllenippers

willbethesameasthewavehlnctionbehindamagnetic

fieldwithlengthLandstrength2･Bz(thetimedependent

factorsandthespinnipcancel):

デ 4-4coilsinabootstrapdevice-土

BefF8･Bz

(3)Fig.2.Abootstrapdevicewith4coils(Ncoils)cansimulatea
staticmagnetic6eldofefftctivestrength&FF=8."(&FF=

2．N･姥)．

This correspondstoaclassicalprecessionangleofp=

2欲也・ Becauseeq.3andeq.larethesame(fbry=L),the

assemblyoftwoflippercoils separaIedbyZ,, canbe

regardedasa@pseudofield' (seen9.2).Because"depends

ontheRF-frequencyratherthanonBz,pseudofieldscanbe

extremelystable.

Tbsimulateevenhigherstaticfields,onecanreplacethe

singleflippercoilsbystacksoftwoormorenippercoils

withaltematingBzfields(lbootstrapmethod').Duetothis
reversalfromoneflippertothenextwithinthefirststack,

thestates KP+andIIJ- alwaysexchangetheirroles,andby
eachcoil,thesplittingin"andのwillbeenhancedbv24"

and2のL. Inthesecondstackofcoils, thesplittingis

reducedstepbystepbacktozero. Theoperatorfbra

pseudofieldmadeoftwostacksof"nippercoilswillbe:

I‘ず．&）･岬厭=(α厨)"=
（4）

M="殿’等

LI " sample
pola,ized 4

Iざ。
neutrons ，．

BI BI

／ｰ regionl ■■I■、
setof B2 ;

bootstrap
coils

region2
； Lぅ

B2 :

l
■■■■

口analvzer
J

detector [－司

Fig.3.Principlestructureofaspinechospectrometer

3.Magneticpseudofields

Wewill nowshowthatRF-flipperscanbeusedto

simulatemagneticfields. Theenectfrommagneticfields
onthewavehmctionofaneutroncanbewritteninmatrix

notation'):W=0'Pbwith'Po=(!I'+l 'I'~)Inthecaseof
A

astaticmagneticfieldBz,Ocanbewrittenas

4． NeutrOnreSOnanCeSPineChOSPeCtrOmeterNRSE

TheNRSE-spectrometer6'7) is like a spin echo
spectrometer,8'9)whereeachprecessionfieldisreplacedby
nippercoils(orbootstrap-coils)(seef19.3).Atpresentwe

mostlyusebootstrapcoilswithN=2. InthiscaseBEFTis

fburtimesmestaticfieldstrengthBz.

Theclassicalangleof polarizationpisgivenbythe

phasediHerencebetweenthe twostates. Thephase
diHbrenceatthelastcoil infrontoftheanalvzerresults

fromtheintegralofdAFoverthepathlengthinthefieldor
pseudofield,withoppositefieldsinregionland2:

6,-{償;" ‘＆） “-聡署 (1)

A

whereasfbrthenippercoilfromabove,Obecomes
AE, ．LI AE2 ･Z,2

の＝2Aえ, ･Z,,-2△た2 ．Z,2=

4-(鼎|筐':｡ ‘&雲)げ,皇1
"-‘,箸 ‘2）

Vl V2 （5）

=ｲβ鰯《｢L｣-B…皇1VZ ノ

Theindicesrefertothefirst(second)fieldregion.Wesee
thatpwillbeindependentoftheincidentvelocityfbrv,=v2

whenthespinechoconditionB, ･LI=B2･Z,2isiillfilled. For

slnallenergychanges,力の,duringsamplescattering,we
gettofirstorderinの5):

ThefirstfactorofqIFisjustthespinflip. Thesecond

factorgivesrisetooscillations(beats) intime､ 1. e., tOa

rotationofthespindirectionasafimctionoftime,whereas

the thirdfactor givesoscillations inspace (Lannor-

precession).Bymulliplyingthematricesfromeq.2,wesee

thatfbrdの･r ==4たツ, i.e. r=1/1'γ, therewillbeno
oscillations. Thisisduetothetrivialfactthatanobsel-ver
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1,0 ofr: itisthediHerenceintraveltimefbrthetwopackets

beingsplitby2dk,overthelengthLIThesameholdsfbrZ,2

and倣う.Thissplittingofawavepacket-incontrasttoa

spreadinginastandardTOF-spectrometer-isthereason,

whyS(9,r), theintennediatescatteringfimction, andnot

S(9,ajismeasuredinspinecho(tobepublished).
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5． TiltcoiIs

ANSE-orNRSE-spectrometerwithtiltmagneUcfieldor

pseudo field boundaries (f19.5) may be used fbr

measurements ofphonon lifetimes '0) and fbr high
resolutionelasticsmall-anglescattering. ' ')

0,2

0,0
l lO

spinechotime[ns]

Fig. 4.ResolutioncurveoftheNRSE-spectrometeratSaclay.
Recentlythespinechotimerangewasextendeddowntoく10
psbymeans ofanadditionalsetoflow-6eldNSE-coils.

Thesplitting=takispelpendiculartothefieldboundaries

(fig.6). Inthetiltedcoordinatesystemoffi9.5,onlytheky
componentsoftheneutronswillbesplit,andtheeHective

fieldlengthisgivenbyits.y-componentForsmallangle

scattenngbye,wehavetoconsiderineq.5variationsofp

withO(tofirstorder)inadditiontovariationsofpwith4v:α
αα

b､

sample
)'B1L1cos((z) j'･B2L,･COS(Of)

の＝
〃 (7)v1cos(Cx) (v1+Av)cos(Q'+e)

三丁．の+K-e仏eglon

γ･BEFFIL'.tan(QI) ;K＝

1ﾉ，

Onecanseethatasmallvariationinscatteringangleis

transfbnnedtoalargevariationintheangleofpolarization

｡,asKcanbeverybig(K≦105). Forelasticsmallangle
scattering(の=0), thesetupsharessomepropertieswitha

doubleclystal spectrometer(DCS),madeoutofperfect

cIystals,asthebeamdivergencecanbeordersofmagnitude
biggerthanthemeasurabledeflection. IncontrasttoDCS、

longwavelengthSmaybeusedhere、 andhencehigher

resolutionispossible. Inaquanmmmechanicalpicture、

阿片o isjust thelateral splittingofthetwostatesat the

sample,andso河ﾙ0(fbrthemaximumK)isameasureof

themaximumwidthofinhomogeneitiesmeasurableina

smallanglescatteringexperiment.

Fromeq.7weseethatweobtainalsoanechofbr

Fig.5.SChemeofaNRSE-spectrometerwithtiltedcoils fbr

smallanglescattering.AIIHippercoilsaretiltbyanangle"
withrespecttothebeam.RegionslandZarethetwopseudo
6elds.
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*Ak;Ak;
： ： ：

fieldboundariesnonnaltobeamaxis:q=0

dの/d8=-K/r; (｡=const. ) (8)

aslongasのcanbetakenasproponionaltoewithintheO

acceptanceofthespectrometer. Eq.8 is thebasis fbr

measurements of phonon linewidths、 where the

instrumentalparametersKandrarematchedtotheslopeof

thedispersioncurveの(e) orの(q),where9 is the

momentumtransfer.Actuallythispictureistoosimple:the

echoconditioneq.51ooksdiHerentfbrinelasticscattering;

theacceptablewavelengtllband isnarrower thanfbr

quasielasticscatteringandtheangle(zisdiHerentfbrboth
pseudofields.Fordetailsseeref6,7,ll.

Inrealexperiments, thecondinondの/d8=const. is

oftenviolatedandquadraticcorrectionshavetobetaken

1ntoaccount・ Wewant tonotewithoutproofthatby

additionalpseudofields,withdiHerentangles"Ulese
quadraticcorrectionsarepossible.

Tilt coilscanalsobeapplied to increasetheangular

acceptanceof NRSE-spectromelersbyreplacingeach

α ，， 。 ．

､－c=

､ タ

グ ■

tiltfieldboundaries:α≠0 :

Fig.6.TheAEsplittingwithtiltmagnetic6eldboundaries

（1-封の＝γ･BEFF,, ･LI 方γ･BE"2･L2
’

1ﾉ， ﾘﾉ，l

（6）

""L'"の==r･の．＝＝

〃”，

whereriscalledSpinechotimeandisameasurefbrthe

resolutionofthespectrometer. Ifweassociatewave

packetswitheachspinstate,wegetasimpleintemretation
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L1 " sample
polarized 4

IE< 、Ig;:
neutrons

／一
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nsetofbootstrap
analyzercoils

region2
: L2

non-tilt fieldbytwotiltones. Errors in印碇ombeam

divergencecanbecorrecteduptosecondorder.

6．Mieze-spectrometer

Thefburthcoil ofacompleteNRSE-spectrometer is

placedexactlyattheecho-position. At thiscoil the"
splittingisbroughtbacktozero, leadingtoastationaly
final state-themeasuredphaseangle isnot time

dependentandcanbedetectedanywheredownstreamof

thelastflippercoil. IfthefrequenCy(D2ofthatcoil is

changedtoanyothervalue, say(DD, theecho-conditionis

stillfilmlledatthisposition,but thefinalstatebecomes

timedependent,i.e,,itwillbemodulatedby2(dh-ab).

Threecasesareofspecialinterest:

a. |(Ib- fthl ≦10Hz. Inthiscasethesignalgets

modulatedwithfrequenciesofseveralHertzandcanbe

analyzedbystandardlock-intechniques. Small signals
sittingonahighandtimevalyingbackgroundcanbe

detectedinthisway(fi9.8a).

b. αゎ=0,i､e. thefbrthcoilisomitted. Inthiscaseweget

beatsoffrequency4dhattheecho-point.LikeinNRSEthe

observabilityofthisechoisrestrictedtoanarealEaround

theecho-point(givenby欲｡/E ・d〃ﾉ'三27T),whered〃えis

thewidthoftheincomingwavelengthband(typicallyO.l).

InpracticelEcanbedownto三.1mm-toosmalltoplace
analvzeranddetectorthere. Actuallvtheanalvzercanbe

putan)wvherebetweenthethirdcoilandtheecho-point: in

thisregionthereisnospinprecession,consequentlythe

echopointisnotinfluencedbytheanalyzer'sposition5).Of
courseinthiscaseitneedsneartheecho-pointadetector

withvelyhightimeresolutionandvelysmall active

thickness(-0.1mm),becauSe4(IhiSintheh田z-region

(fi9.7b).AmeasuredsignalfromaMIEZE2-setupisgiven

infi9. 9.

c. AvariantofMIEZE2ispossiblebycombiningthe

secondandthethirdcoiltoonewith廿equency(Ih. Inthis
casetheechoconditionischangedto

detector [弓↓
Fig.7.PrinciplestructureoFaMIEZE-spectrometer

region1 region2
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Fig.8.LevelschemesofthevariousversionsofMIEZE

spectrometers. ForのD=の2,(a)givesthelevelschemeofthe

NRSEspectrometer.Thecirclesarethesamplepositionsand
thedottedlinesarethedetectorpositions. Theecho
conditioncaneasilVbetransfbrmedintoaconditionthatthe

ロ

encIosedareasbetweenbothstateshavetobethesamefbr

regionland2.

の!L1=(の1-の!)L1 (9)
intensity(arb・units)

whichcanbededucedfromfig. 8c.

NowIhescatteringsamplehastobeplacedinaregionof

highk-splitting,andconsequentl)'variationsdZ' inpath

lengthduetosamplescatteringllavetobekept small

comparedtol/4",otherwiseseriousphasedeにnOratlOn

occurs.Thislimitsitsapplicationlosmallanglescattering

-inpracticeangles8≦Soarepossible.Ontheotherhand

thiseHectmaybeusedtomeasurelongrangecorrelations

inasample(chapter8).

AM正ZElorMIEZE2spectrometerwithvelyhigh

energy resolutioncouldbe implemented inexisting

SANS-instruments; itdoesnotneedlargeareaanalyzers-

downstreamofthesample. Largeareadeteclorswiththe

requiredtimeresolutionareavailable'2).
Theハ矼EZEl-setupmight findapplications inparity

violationexperimentsinnuclearreactionswitllpolarized
neutrons '3),wherecorrelationsbetweentlledirectionof

emittedγtandthepolarizationofabsorbedneutronsare

examined.Ifweomit theanalyzeriIIMIEZEI,lhespin
arrivesattheecho-pointwithspindirectiongivenby
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Fig.9.TOFspectmm6omaMIEZE2setup

｡=4(ah-の,)･z,andwithinthe jAdetectors thesame

frequencycanbesensedbycorrelationtechniques. Note

thatthisfi･equencycanbevariedinaverywiderangeand
that(fbrapolychromaticn-beam)thesignalislimitedtoa
closeregionaroundthen-absorber(givenbythewidthof
theechocuIve). Thereisastrongreductionofcorrelated
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MachZehnderinterftrometer(MZI)background, because there isnoneutronpolanzation
outsideofthisarea.

Infig. 9weshowthemeasuredtimesignal fbra
MIEZE2-setup.Becauseofthebootstrap-coils,thesignal
frequency(400kHz)isfburtimestlleRF-fTequencyofthe

tlUrdcoil(100kHz). Resettingofthetimeoccursalways
afier lO~5s, i.e., thepatternshows4 filll periodsof
oscillations.
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7. ComparisonMmZE-MZI

IntllefbllowingweshowthataM正ZE-spectrometeris

the time analogue ofa spatiaIMach-Zehnder-inter-

ferometer(MZI),basedonsinephasegratings.
Weassume(seefi9.10)fbrtheMZIappropriatephase

gratingswithlatticeconstantsqv (L'=1,2) andwith

correspondinglatticeconStantsGy=27t/α脾Tbfirstorder

theangularsplittingwillbeq=G,/"oand

'=(G2-G,)/h0,andfromgeometIyweseethatG, ･L,=(G2
-G,)･L2holds.

ThisequationissimlartothebasicⅣ皿ZE-equation(eq.

9).TheMZI"spatialfrequencies''Gvcorrespondtothe

"timefrequencieS"のyfromM正ZE. The longimdinal
splittingofthematterwavefrequencies(助士fu,) inthe

MIEZEcasecorrespondstoalateralk-spliningintheMZI

case. Itisthisanalogythatjustifiesfbrh皿EZEthename
"Mach-Zehnder intime''. MIF'Eissomehowamore

eHicient interferometerthanaMZIrelyingongratings,
becauseintensib'Iossesduetodimactionintowrongorders
(states)cannotbeavoided,whereasinM正ZEthereare

onlytwopossiblestates(spin=±l/2).

Wenowassumeascatteringsampleneartheplaneofthe

secondgrating(secondcoil). InCaseoftheMZI,coherent

wavesemittedfromdistantparts(distanceのofthesample
(duetothe lateral separationbetweenbothbeams)are

supelposedatthedetectorandthecontrastoftheMZI

patternissensitivetophaseshifisresultingfromdensity
variationswithinlengthscales≦d. IncaseofⅣ正ZE.

wavesemittedattwodimerenttimes(separatedbyTMTF7F),

aresuperposedat thedetector. r,vEzEisgivenbythe

diHerenceAt innight timefbrwavepacketswithtwo

wavevectorsko±d"travelingfromthefirsttothesecond

coil. ThuStheContraStoftheMIEZE-intensitypatternis
sensitivetophaseshilisfromtemporalchangesofthelocal
densiOIofthesamplewithtimescalescomparableor

smallerthanfiwIzE. ConsequentlyaMIEZE-spectrometer
canbeusedfbrquasielasticn-scatteringexperiments
Tiltingthecoils (like infig.5) leads to lateral and

longitudinalbeamsplitting,andaMIEZEsetupisnowan

interferometerinspaceandtime,givingbeatsinspaceand

timeatthedetector. Thiscanberegardedasa !!sideband
interferometerﾉ', first introducedinref l4. Asimilar

interferometerbasedonmovinggratingswasproposedin
ref. 15.
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Fig.10.ComparisonofaMach.ZehnderinterfErometer(MZI)
withaMIEZEspectrometer. IntheMZI,thelateralんsplitting
leadstothewellknownspatial interfbrencepattern・ For
MIEZE, thesplittingislongitudinal, i.e., in IArl and
consequentlyinの,andat thedetectorwegetbeats intime.

stateswithslighllydiHerentk-vectors, isdirectlyusedas

wavelength inopUcal experiments. Thismethod is

possiblewithperfectcIystaloptics'6)andalsowithstatic
magneticfieldsorpseudofields,whichwillbeexplained
here.

Forconveniencewewillassumenowrealmagneticfields
andusetheclassicalspin-description(Larmorprecession).
Larmorprecessionsharestwobasicpropertieswithmatter
wavcs, travelinginfreespace:

a)ThephasepLoftheLarmorprecessionisproportional
tothepatlllength, theneutrontravels insidethefieldB

(assumedIoIill lllewholespace). Thesamelloldsibrtlle

8. NeutronSPinOPtiCS(NSO)

Standardneutronoptics is severelyhinderedb)' 1he
extremelylowsourcebrilliancefbrslowneutronsandthe

rathersmallneutronwavelength.Thesedifficultiescanbe

circumventedinseveralcases, if;notthewavelengthitself;

butthe!$beatwavelength''betweentheamplitudesfromtwo
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phaseofthematterwaveandlL, thebeatwavelength

betweenbothstates,correspondstothematterwavelengtl1.

b)Theexpectationvalueofthepolansation(o>isalinear

supelpositionofthemagneticmomentsfromallparticles

amvingatonepoint. Thesamelloldsfbrmalterwaves,

where the fieldamplitude (IIJ> isgivenbya linear

superpositionofallwavesamvingatonepoint.

TypicalvaluesfbrlL=2m'/jBrangefromllmtocm.The

propertiesaandbaresu伍cienttocreatedimactioneHects,

thuswereproduceopticaleHectswithverylargeeHEcMve

wavelengthsbymeasunng<o>.

TherearecertaindiHerencesbetweenparticleopticsand

spinopUcs,whichmghtbebestexplainedinanexample

-n-di缶acUonhomadoubleslit(f19.11).

a) InNSOwehavefreeaccess tothephaseofthe

incomingwave、aswecancontrol thepolanzationat the

inputslitS,.Thiscanbeusedtodemonstrateandstudy
coherenceeHbCtS.

b)Withineachslit,neutrOnintensityllastobescattered

fairlyisotropic,avoidingspinnipscattering. Inthiscase,

theHuygens-principle is filmlledand thedi缶action

pattemappears.

c)ThedispersionisdiHerent inNSO: lNso~vholds,

whereasinparticleopticsえ～1/1'isvalid,andNSOdoesnot

obeythestandardSchrOdingerequation.

d)Intheplaneofobservation､theamplitudeandphaseof

<o) isdeterminedbyameasurementofmrando),usinga

polarizerinfrontofthedetector.Themeasuredsignaldoes

notcorrespondtotheintensitybuttotheamplimdeofthe

pattem. Tbfirstorder,neutronintensitywillbeconstant
withinthewholeregionofthedimactionpattem,points

withzerointensityinordinaryopticsjustcorrespondto
zeropolarization.

e)Inordertoavoidtheneedofhighlymonochromatic

neutronsinNSO,theresonancespinechoprincipleshould

beused. Iftheechoconditionisfillfilledintheplaneof

observation, therewillbenodephasingduetothevelocity
dependenceoflNsoandabroadvelocityband(小'/''-10%)
canbeapplied.

It isworthnotingthat intheaboveexamplewecan

reproducethedoubleslitpattemwithoutassumingeach

neutrontopassbothslits.WewantloapplyNSOtorather

sophisticatedwaveoptical phenomena like thephase
anomalynearfbcus '7)ortheAndersonlocalization '8).

Thereshouldbealsoapplicationsinneutrondifraction,

whereNSOoHersapossibilitytomeasure longrange
correlations(aboveﾄLmlengtllscale)､ fbrexampleinlligh
strengthcompoundmaterials.

InNSO, theamplitude(o) isbuilt upbyindividual

magneticmomentsfrommanyindependcntparticlesand
thereisnoneedofanvcoherenceoftherealmatterwaves.

TheauthorsarenotawareifNSOmightleadtoamodelfbr

anelementarypanicleconsistingofalargenumberof
individualcarrierparticles.
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Fig.11.TheNSOdoubleslitexperiment.Neutronspolarized
inxdireCtionenterfromtheleft・WithinslitS1andthe

doubleslitS2neutronsareisotropicallyscattered. Inthe

planeofobservation,oNso ismeasuredinxandydirection
withhelpofpolarizers.Thenormaldoubleslitpatternis
obtainedbycalculating loNsoI2.
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