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LannorprecessionsareconventionallylookeduponasUleeiYectofalocalmagneticfieldonalocalizedparticle. In
contrast,mquantummechanicalparticlebeamstheprecessionsaredescribedastheinterfbrencebeatmgbetweenspm
"up"and"down"extendedpartialwaves・Usmgthecombinedactionofaneutronmterferometerandaspmnipperthese
partialwavestatescanbepreparedinaradicallydiiIbrentwaynommeusual90｡spmnipprocess It is fbuIJ,
nevertheless,thattheLarmorfrequencyofthesesyndlesizedprecessionsisequaltotheclassicalvalue,ifobservedbyan

observertravelmgalongtheparticletrajectolywiththeclassicalvelocityoftheparticle.T11esametoolsarealsoshown

toallowustoprepareneutronbeamsdisplayil唱coherentparticledensitywavesonmacroscopicspace-timescale,a
sulprisingnewquantumphenomenon. Experimental verificationofthesepredictionsis inprogressattheHahn-
Meitner-Instimt.
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distributiongoesovertoaconUnuousonefbrinfinitespin

values,i.e.fbraclassicalangularmoment.

It is theaimofthepresentpaper toexamine the

consequencesofaradicallynewtecmiquedevelopedin

Vienna')fbrpreparingpolarizedneutronstates,whichhas
noclassicalequivalent.Asitiswellknown,neutronspin

Lannorprecessionscanbe iniUatedandsubsequently

readilyobservedinapolarizedneutronbeambyusingsome

kindofa90ospinnipperdevice・Wewillconsiderherethe

eHects ofanalternativeway') of initiatingLannor
precessionswiththehelpofaneutroninterferometerin

additiontoaspinflipper. This techmquecannotbe

conceivedintennsofaclassicalequaUonofmoUonfbrthe

pamclespinmoment. Inquanmmmechamcsthespin

motiondoesnotonlydependontheinstantaneoustorque,
but alsoonthemanner inwhichthebeamhasbeen

prepared.Wefind,nevertheless,thatfUllyindependently

ofmepreparationoftheparticlewavestates, theLannor

precessionfrequencycorresponds totheclassicalvalue

onlydependingonthe localmagneticfieldalongthe

particletrajectoly. Wewillhlrthermoreshowthat the

interferencebetweenpartialparticlewavesofidenticalspin

state,butpreparedbyusingdiHerentWpesofspinnipper

devices， leads to the sulprisingnewphenomenonof

coherentparticledensiWwaves infreelypropagating

neutronbeams・ Experimentsfbrtheverificationofthese

predictionswillalsobedescribed.

1. Introduction

Thevastmajorityofneutronopticalphenomenaare

exactlyanalogoustoclassicalwaveopticsandtheycanbe

perfecUydescribed by using l9th centuly theones

developedfbrthestudyoflightpropagation,wellbefbre
evenMaxwell'stheoryofelectromagnetism. Indoingthis

onesimplyhastoinferthewavelengthfromthedeBroglie
relationandtoestablishtheneutronrefiactiveindicesand

absolptioncoeHicientsfbrthematerialsused.Ultimately

neitherBragg's theoryofdimactionnor thedynamic

dimaction theorygoesbeyondclassicalwaveoptics,
althOughheretheatomcstnlcmreofthemediahastobe

takenintoaccount insteadofahomogeneousrefractive
index.

Similarly,thedeScriptionofthebehaviorofneutronspins

inthecontextofneutronoptics(i.e・ beampropagationin

vacuum,magnetic fields、magneticmaterials) can in

generalbedescnbedbytheclassicalmecllanicalmodelofa

top,i.e.bytheequationofmotionofaclassicalmechamcal
angularmomentumundertheinfluenceofaneventually

Umedependentclassicalmechanical torque・ Thisalso

applies to phenomena with misleading quantum

appearance,sucha;:dressedneutrons". Ithas tobe

stressed､hattheclassical theoryexactlyreproducesall

experimentalobservations,andasamatteroffact, these

resultsareidenticalwiththoseofthequantumtheoryfbr

non-relativisticenergies.Theonlydeviationfromclassical

behaviour inneutronoptics is theSlern-GerlacheHEct,

whichremainsnegligibleinlnostsituations. TheSに、‐

GerlacheHectbecomes importantandobservableifthe

classically calculatedmagnetostatic fbrcesmake the

neutrontrajectoriessostronglydependentontheneutron

spindirection、 that tllesemodificationsofthetrajectory

becomecomparabletothegeometricalprecisionofthe

definitionof tllebeamina givenneutronoptical

experiment.ThemanifestationoftheStem-Gerlachegect

isaquantizeddistribution

ofthcmagnetostaticallymodifiedtraiectoriesincontrast
to tlle classical, continuous one． This quantized

2.FundamentalS

Classical Lannorprecessions aredescnbedby the

equationofmotionoftheangularmomentumSofa

parlicleassociatedwithamagneticmomenmm". The

potential energ)'咋一'必(r･,r) (whereJ･ is theparticle

positionat time r ) allows one toderiveboth the

instantaneousfbrceF=-9rad(/4B)andtheinstantaneous

torquer=い×Bl.ThusIheLannorequationofmotionis

dS/dr=)flS×B(r,r)]
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Theseprecessionsinthequanmmmechamcalcasearethe

resultofbeatingenectsbetweenthetwoparticlewavesdue

tothediferenceinthewavenumberhand/orintheenergy
Ebetweenthe'randl, supeIposedstates. Inpractice,of

courSe､ itisquitediHiculttoproducecoherentlysuperposed
stateslnworkingwithpolarizedneutronbeamsthisonly
happens fbrparticlewaveswithdiHerent spinstates

originaUngfromthesameinitialwavewhichwassplitin
dlespinvariablespacebye.9. a90odcspinnippel;asin

NeutronSpinEcho spectroscopy2). Whenusingdc
flippers, theenergyconservationrequirementwillensure

matEf=EJallthetime3)andconsequenUymviewofEq.
(2)thereisadiHbrencebetween脆↑and"ifthemagnetic
fieldisnotzero. ForNh皿typeradiofrequency(rf)
flippers theenergyconservationimpliesenergytransfer
betweentheparticleandtherffield. Theabovealgebra
showsthattheconventionalLannorbehaviourdoesnot

om)' apply tocoherent superpositions ofspinstates

producedbyspinnippingprocesses,butalsoto"6/〃α〃
coherentsuperpositionswhichcannotberealizedbyusual
experimentaltechmques.

Forthemoregeneralcasewealsohavetoconsidermore

complicatedwavefimctionsthansingleplanewaves. For

the supelpositionofwavepacketswithoppositespin
directionS,

wheretheLarmorconstantjf'describestheratioofAandS､

e.g. fbrtheneutronwithS=h/2it is2〃ﾊ三29kHz/Oe.
ThesolutionofthisequationinatimeindependentfieldB

isthewellknownLannorprecession, thefrequencyof

whichonlydependsontheabsolutevalueofBat the

poSitionoftheobject.

Thus inahomogeneous time independent field the

Lannorprecessionangleinabeamofclassicalparticlesis

glvenas

の=po(1)+"r/''

wherepo(i)isaninitialvalueandl'theparticlevelocity.

InquantummechanicsthespinstateofS=1/2particles

"llbedescribedasthesuper-position(i.e. intelference)

betweentwofmdamental states, sayl､and4. Thusina

magneUcfieldandquantizationdirectionparalleltothez

axis,thexcomponentoftllespinofthestatecL|+>+61J,>

<Sx)=hRe(q*P)

will revealaprecessiontypetimedependencewhichis

detenninedbythespace-timedependenceofuandP' Let
usassumethatwehavetodowiththesupelpositionoftwo

planewavesd,=Qexp(/〃↑r-/E↑"ﾊ)andP=6exp(吹↓r-

jE↓"h).Thus
"=Zak↑exp(ﾉﾙ↑r－/ET//h) (6)

<Sr)=hRe{Q*6exp[-/(k↑一k↓)『＋

+/(E↑－EJ)//h]}
and"(similarto(6)withthecoe伍cientsdenotedby6
insteadofq),Eq. (5)willtakethemoregeneralfbnn:

(1)

Inordertoevaluatethisequation,wehavetotakeinto
accounttherelationbetweenkandE: inaratherslowlV

シ

vaIyingmagneticfieldB=BI 島(4=伽Re[exN)ZI．織辮‘鯉･xp(9'.)>] (7)
E↑="2kf2/2ﾉ万一", EJ=h2k42/2ﾉ"+"B(2)

Ifwefimherassumethatた↑二k↓三虎,wecanwrlte

k↑2－k↓2三2(kf-k4)". (3)

EachtenninthesumrepresentsUleaveragetakenoverthe

beam, i.e. overanensembleofstatesoftype(6). It isa
baSic、 fimdamentalfact inallpamclebeamintelference
experimentsthatnocoherencecanbeobtainedinabeam

betweendiHerentLeigenstatecomponentsoftheimtial

pamclestates. InconnectionwithEq. (7)tlUsimplies,that
onlythoseaveragesunderthesummationarediHerentfrom

zeroinwhiCh上↑and〃↓correspondtostatessplitfroma
common imtial planewavecomponentofthe imtial
pamclestate.

Furthennoretheclassicalparticletrajectoryisgivenbythe
relation

(4)『=l7r+Fo

whereB'=M/ﾉ7z isthepamclevelocityandF｡aconstant

vector・ InsertingEqs. (2)to(4)intoEq. (1)wefindthatif

wemovewiUltheneutronalongtheclassicaltraiectolythe
xcomponentofthespinwill revealLarmorprecessions

withthewellknownclassicalfi･equencyak,=2JJB//i：

3．Experimentalrealization

Wewill considerhere thepossibleconsequencesof
producingthecoherentpairsofstatesinasuperpositionof

thetypeofEq. (6)notbyspinflippingonlyibutbythe
combinedactionofreal spacebeamsplitting inan
inteIferometerandSpinnipping.Wehavetostartwiththe

flct that inthe initialparticlebeamstatesallえ≠〃
componentsareincoherent. (Intheusualnormalization

schemewithperiodicboundaryconditionsoveralarge
volume, onlydiscretevaluesof"areadm杖ed. This

remainsvalidinaninfinitevolume, continuouskspace
representationifit isconsideredasthelimitfbralarge
volume,sothatthemeaningofequalityinthehspacestays
unambiguous. Another intelpretationofacontinuous
representationwouldbringuptheproblemof"how

SM(t)=hRelexp(-/qr)q*bexp(/")] (5)

wllere"iSaconstant

Thisresultisexpectedbyclassicalanalogy,buttheabove

derivationimpliesarathersulprisingfact:Bysuperposing
twoarbitraryfreeparticlestateswithoppositespinswith
theonlyrestrictionthatthetwotraiectoriesshouldberather

closetoeachotherinbothspaceandlime,wewillobscn'e

theclassicalLarmorprecessionsalongthis trajectoly
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requiresthatthecoeHicientsQkTareindependentoftilne.
Sincetheenergy(frequency)oftherffieldisinpractical
situationsofanippersome6ordersofmagnitudesmaller
thantheneutronkineticenergy, fbrtheprecisionofthe
observationoftheLarmorprecession， asshowninthe

figure, theneutronenerg)'changesintherffieldareftllly
negligibleandwewillhaveacommonvelocity'',asinthe

approximationusedinconnectionwithEqs. (3)and(4). In

practicetheinvestigationofLannorprecessions"alongthe

classicalparticletraiectoly"impliesdleobsewationofthe

Srspincomponentbothasafimctionoftimeatagiven

positionofthe7T/2-nipper(e.9.byaddingatimedependent
rfprecessionphaseshifiercoil)andasafimctionOfspaceat

agiventime(withrespecttothephaseoftherfnipper)by

displacingthe7t/2flipperalongthebeamdirection,cfFig
l・

Thecombinationofaninterferometerandspinnippers
canalsobeusedfbrthepreparationofneutronbeamswith

coherentwavecomponentshavingdiHerentwavenumbers

kbutUlesamespinwavehlnction. Thishasneverbeen

experimentallyachievedbefbre,norhasamethodbeen

proposedhowtodo it. (Inexperiments,wheresuch

coherenceplaysnorole, it can, ofcourse, alwaysbe

claimedthatcoherenceexists,buttheseclaimsonlyare
unprovedassumptions.)Intheproposedexpelimentalset-

upinFig.2. theimtiallyTspinpartialwavegoingthrough
thedcnipper (upperpath inthefigure ) leaves the

interferometerwithj,spinbutwithnochangeinthetotal
energy,whiletheenergyofthepamalwavegoingthrough
therfnipper(andalsoflippedintotheJ,state)changesby

2/JB,whereBisthedcmagneticfieldinsidethe㎡nippe'3).
ThisenergydiHerencebetweenthetwopanialwaves is
maintained in the free space propagationaiter the
interferometerintherecombinedbeam.

The particledensity in thisbeamwill be given、

analogouslytoEq.(1)(withtheindicesTand4replacedby

zJ and2 fbr theupperand lowerbeampaths in the

interferometer,respectively,cfFig． 2)as:

〉
兀

dcrfippe｢
、

ctor

rfprecession pol.analyzer
coil

『f兀-fiipper

Fig. 1. Experimentalset-upfbrtheveri5cationofLarmor
precessionbehaviourusingaBonse-Hartneutron
interfbrometerandspinnippingfbrthepreparationof
coherentneutronStateswithoppositespindirections.

／、
c兀-flipper

‐

－●

|，
detector四

rf兀-flipper

Fig. 2． Experimentalset-upfbrtheproductionofcoherent
particledensitywavesinthefreelypropagatingbeamafterthe
interfbrometer,duetotheenergydifftrencebetweenthetwo
parialwavesHippedinsidetheinterfErometerbydifftrent
typeofspinHipperdevices.

exactlyl,h="meansequality,andthisisanunexplored
temto'y.)

Figurel・ showstheschemeoftheexperimentalset-up

wewishtoconsider. Itisbasedonthetechmquedescribed
inRefl.Usinganrf7t-nipperinordertoproducethel,
spincomponentoftheoutgoingbeammeansthattheflip

今、

doesnotchangethewavenumbelQﾉ. Thel,component,
separatedintheinterferometer,doesnotgothroughthe

flipper;itchangesneitherspinnorwavenumber. Inviewof

Eq. (5)and(7)wedonotexpectanydeviationfromthe

classicalLannorprecessionbellaviour､ inspiteofthefact
thatwehavetodowithasuperpositionofoppositespin
stateswhichcannotbeachievedbyspinfIippingonly.This
conclusionremainsvalidevenifwetakeintoaccountthat

therfflipperrepresentsatimedependent tenninthe

Hamiltoman. The experimental observationof the

precessionoccurs inthefreeparticlepropagationrange

aroundthedc7r/2nipperinastaticmagneticfield,where

Eq. (6)and(7)apply.Whatactuallyhappensintherffield
regionisthattheinteractionbetweentherffieldandlhe

panicleevenmallyresultsintotransitionsfi･omaninitial

planewavestateintootheroneswillldimbrentenergies,

tllusaninitialplanewavecanemergeasasuperpositionof
severalwaves. Thispossibilityis includedinEq. (6),

whereinastaticmagneticfieldtheSchrOdingerequation

〆『,I)=q*q+6*6+

+Re{(7*6exp[-/(k"－た')r+/(E"-E!)r/"]}. (8)

Here,aspointedoutabove,E"-E'=-2AB(whereBisthe

fieldattherfnipper)andUlusillviewofEq. (2)and(3)

y(k"-k4)=(E"一E!)/h (9)

with"JIJ/力三k"こん. ThusEq. (8)describesaparticle

densitywavewithaphasevelocityl'andawavelength
whichcorrespondstotheLannorprecessionperiod2) ina
freeneutronbeaminastaticfieldB・ EquatiOn(8)canbe

easil)'generalizedtoinitialpartiCleslatesofthetype(6)
andtheresultwillbeanalogoustoEq. (7). Inpractical

tennsthesingleLapproximation(8)remainsvalidifthe

initialbeamissuHiCienllymonochromalicibrkeepingllle
densitywaves fbrdifferentvelocities I' inphase. This

conditionexactlycorrespondstotheexperimentallywell
establishedtechniqueofobsel-vingLarmorprecessionsin

へ、

neutronbeams曇ノbecallsewehavetodowith!hesame

oscillationperiods, cf. Eq. (9). Actually, sinceinthe
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approximalionusedinEq. (9) thephase，elOCll)･ Ol､ lllC

densitywavesisidenticalfbrTandJspininitialstates, this

experimentdoesnotrequireapolarizedincomingbeam.

4．Conclusion

Incontrast to theclassical descriptionofthe spin

behaviourinparticlebeams, inquantummechanicsthe

spinmoUonnotonlydependsontheinstantaneous local

fbrcesandtorques,butalsoonthewaythepaniclestates

havebeenprepared. Theuseofneutroninterf℃rometly

opens upnewexperimental opportunities fbr beam

preparationbyallowingus topelfbnndimerent spin

manipulationsonthetwocoherentpanialwavesseparated

inspaceinsidetheinterferometer. Thetwoexperiments

proposedhereare inpreparational theHahn-Meimer-

Institut・ Theone shown inFig. l isaimedat the

verificationoftheexpectedclassicalLannorprecession
behaviorinthefreeneutronbeamaifertheinterferometer,

in spite of the fimdamentally non-classical beam

preparation.TheexperimentshowninFig. 2hasthegoal

ofproducing-fbrthefirsttime-coherentsuperpositionof
neutronwaveswithdiHerentwavenumbersandacommon

spinstate.Thisisproposedtobeachievedwiththehelpof
thediHerentfbrcesactingontheneutroninthediHerent

typesofspinnipperdevicesusedinthetwoannsofthe

interbrometer. Theresult isasurprisingnewquantum
phenomenon: coherent particle density waves on

macroscopicspace-timescale.
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