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LightandmatterwavemterferenceexpenmentscanbeanalyzedintemIsofquantumoptics. ColTelationandcoherence

functionsprovideaproperbasisfbrthedescdptionofvaliouscoherencephenomena. Squeezedneutronstateshavebeen

identifIedmthecourseofnovelpostselectionexperimentswhichindicatesUlatinterfierencephenomenahavetobetreated

inphasespaceratherthanmordinalyspaceonly.AdescdptionintemlsofWignerfilnctionsvisualizesuchnon-classical

quantumstatesandshowthe仕agilityofsuchSchr6dmger-cat-likestatesagamstanykindofdissipation,whichshedslight

onthequantummeasurementproblem.NewprqjectslikeneutronFomer-spectroscopyareintendedtobroadenthe

mteribromemcmethodstowardscondensedmatterphysicsapplications.

KEYWORDS:quontumoptics,neutron interferometry

§.1. Introduction
Quantumopticsllasbeendevelopedprimarilyfbrlight

optics where impressive progress in physical

experimentaUonandnovelapplicationshasbeenachieved.

I~3)Overthelastdecadeithasbeenshownthatquantum
opticsfbrmalismcanbetransferredtoparticleopticswhere

characteristicalquantumopticalphenomenacanopena
newhorizonfbrscientificwork. 4-7)Theidentificationof

SchrOdinger-cat-likestatesofmassivepaniclesandrelated

squeezingphenomenaencourages ononehandnew

epistemologicaldiscussionsofquantummechanicsandon

theotherhandopensnewpossibilitiesfbrfimdamentaland

appliedresearch.

Neutroninterferometryhasbecomeamaturetechnique

fbrtherealizationofmanyquantumopticalexperiments

fbrmassiveparticlesbecauseaneutroncameswelldefined

particlepropertiesandexhibitsthewave-particledualism

inany intelferenCe eXperiment 8,9) Perfect crvstal

intelferometlyusesaMach-Zehndergeometlywithabeam
separationofseveralcentimeters.Theperf℃ctarrangement

oftheatomsinasiliconsinglecrystal isusedtoachie,．e

coherentbeamsplitting, dimaction, andsupelposition.

(Fig. 1) Fromsimplesymmetlyconsiderationsitcanbe
understoodthatthewavefimctionfbrthebeaminfbrward

direction(0)behindtheinterferometerisequallycomposed

ofwavefUncUonsarisingfrombeampathslandll,which

causesacompletemodulationoftheinterferencepattemas

afilnctionofaphaseshifiappliedtothesplitbeams.

Nuclear,electromagnetic,andgravitationalinteractions､as

wellastopologicaleHectscancausesuchaphaseshifi.
Novel resultsofsuchmeasurementswill beshown in

separatecontributionstothisconference. '0~'2)
Overthelastyears, interferomellybasedupondimaction

fromartificiallymadegratings and laycrs has been

developedwhich broadens the scope of neutron

interferometlyandbecomesasensitivetestingmethodfbr

microstructuredmaterials. '3~'5)Additionally, itshouldbe
mentionedthatLarmor inte㎡erometrv isanotherwell

ザ

developedinterferometricmethodwhichis llsedinthe

fbrmof spin-echo instruments in many neutron

ies. '6~'9)Theexpeninthefieldwillnoticethatlaboratories.

thequantummechanicaldescriptionofacollerentneutron

beambymeansofcoherencefUnctionsisralllersimilarto

thedescnptionofthestaticanddynamicalbehaviourof

atoms incondensedmatter byusing thevanHove
20,21) ．′

correlationhlnCtions.

§.2. CoherenceProperties

Incloseanalogytothelightopticalfbrmalislnwedefine

thecoherencepropertiesofthebeam. ''3) TllefirStorder,
two-point-two-timeautocorrelationfilnctionrelatingthe

physicalsituationat(r,I)and(r',r')isdefinedas:

G(')('･,/;'･' ,/!)=か{βv*(r,/)･V'(r1,r!)},
（2．1）

wherepdenotesthedensitymatrixwhichdescribesthe

spatialprofileofthebeamanditstime-dependenceinthe

caseofapulsedbeam. V/isthesolutionofthetime-

dependentSchrOdingerequaUon

Hv(r,,)=inav'2,!) （2．2）
a

wllichhasthegeneralfbrm

v'(r,r)"IQ(I"(h,"k)e'(k'-"*''"""" (23)I （2‘3）
〃

Infreespace,kandd恥arerelatedbythedispersionrelation
へ

蛾＝方庁/2"1Spatialboundaryconditionsdochangekbut

not",whichtemporaloneschange(dimactionintime

22))．
0

旧’

InterferometerCrvstal
●

Fig.1.Sketchofaperltctcrystalneutroninterftrometer
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Herewefocusontime-independent (stationaly)eHects,

whichsimplifies thetreatmentconsiderably. As inthe

distinctionbetweenelasticand inelastic scattering in
condensedmatterphysics,20'21) thestationalysimationis
obtainedbyputtingr－r'=0.丘駈nowbecomesan!IEigen-
''valueofmeSchrOdingerequationandthedensityofk

statescanbedefinedasg("=I|q(h)|2dk. Theintensity
behindthe interferometer isgivenbyp, andby tlle

wavefilnctionsinthatregionR,whicharecomposedfrom
wavefilnctionsarisingofbothbeampaths

v'0(R)=v';(r)+v"(F'), （2．4）

whererandﾉ･ ! aretheopticalpathlengthstoreachthe

pointRalongpathsJand〃､reSpectively. ThiSgives

Io=乃{";(R,r)l"｡(R,r)}=G(1)(r,/ir,/)+

+G(')(J･' ,/';F･',/!)+2ReG(')(",r;r',/1)
（2．5）

G(1)(r,r)andG(')(r',r')denotetheintensitieswhenbeam
pathJorbeampath"isopenonly(I,andI2).G(')(r,r')
willbeacomplexfilncUoningeneral

G(')(r,r;r|,r')=|G(')(r,/;r',r')le'"(''';'''r')G(')(7，/；r' ,r'）G(')(r,/;r',r')le'"(''';'''r'),
（2．6）

whichdefinesinitsnormF'1izedfbrm

N＝22．1 －

RTh

■■Em.

N＝0．35 ．

nTh

■■Em

025

0,6
0,20

0115
４０

（
之
）
且

（
ｚ
）
且

0,10
＝ 里＝

0,2

0，05

ml llll ll ll l1Iロロロ百画
0，0 0，00

0 1 2 3 0 10 20 30 40

N N

Fig.2.Measuredandcalculated(dotted)particledistribution

fI'nctionfbrmeanparticlenumber/V=2(above)andﾉV=50
(below).
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（2．7）

the first-ordercorrelation (coherence) filnctionofUle

relatedbeams. ItcanbeexpressedastheFouriertransfbnn
ofthenonnalizedmomenmmdistributionfilnction

Ig(k)e"dkr(')(F,r!)=r(')(4)=(2")-y2

（2．8）

Thisgives

I｡=I,+12+2､/11J: r(1)(4)lcosjr(4),
（2．9）

where4=ﾉ･－F'denotesthediHbrenceintheopticalpath
lengthsalongbeampathsノand".Theintelferencefringe
visibilitybecomes
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Fig.3.DifYErentphaseshiftersfbrphaseshifts intodifftrent
directions.

where/=x, .)ﾉ,z. IncaseofGaussianshapedmOmentum
dismbutions thecoherence fimctionsbecomeGf'''Rsian

shaped too, and themomentumwidths 6AF! and the

collerence fimctions fillfill theminimumuncertaintv
relation:

"=IMmx-I,域"-2,/11J, r(')(4)| (2．10)
j"回x+1M" I,+I2

where llK')(4)l is,mSleadinglXofiencalled ''degreeof
coherence''.Wewillshowlateronthatabeamcanbe

completelycoherentevenwhenllI1)(4)lbecomeszero.The
charactensticwidthsofthat filnctionlr(1)(4)| definethe
coherencelengths

l

A'c"!=
今
全

(2．12）

Suchastateinquanmmoptical terminologyiscalleda
coherentstatewhichhasthefeatureofaPoissonianparticle
distribution昨糊遥上 (2．11）
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P(jv)=Z"", （2．13)
Ⅳl

asithasbeenmeasuredrecently.23) (Fig.2)
Differentlyshapedphase shifters (Fig. 3 ) cause

momentumchanges into diHerenl directions and

diHerences intheopticalpathlengths Theboundaly

conditionsofquantummechamcsdetenninethespatial

phaseslnfisfbrthediHerentcases(Z(d)=k.4):

Longimdinal: Dx=-2兀ﾉVbcDo/h

Dy=-27tAﾉbcDo/kTransverse:

Ntrtical: D2=-2兀NbcDotan(の)/h

A/denotesthepamcledensity,6sthecoherentscattering

length,pthetiltangle,andDothethicknessofthephase
shifier. Manvmeasurementsofthecoherencefilnction

havebeenmadeinthepastwhicharesummarizedina

24)Figure4showsthemeaSuredmomentumreCentpaper,

distributioninthelongitudinalandverticaldirectionwhen
a twin-monochromator is used in front of the

interferometeranditshowsthevisibilityoftheinterference

pattemasafUnctionofthespatialphaseshiit・ Thesolid
linesarethemutualFouriertransfbrmswhichvenfyeq.

(2.8).Thuscertaincoherencepropertiescanbeattdbuted
toanvbeambVitsmomentumdistributionandcanbe

measureddirectlyinaninterferenceexperiment. The

coherencelengthsappearasthewidthsoftheinner(0-

order)Fresnelzoneofthebeam.
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Fig.4.Measuredmomentumdistributionandmeasured
coherencefhnetionsfbrthelongitudinal (above)andvertical
(below)direction.
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§.3.SchrOdinger-Cat-LikeStates
Thesearestateswhereanentityoccupiesat thesame

timeseveralspatiallywellseparatedregions. Suchstates
havebeen identified inthecourseofrecentneutron

interferometlicinvestigations. 7,25)Theyappearwhenthe
spatial phaseshiftsbecome larger thanthecoherence

lengths(A>>Ac). Inthiscase, theinterferencefringes

disappear( |r(A) |→0)andamarkedmodulationofthe
momentumdistnbutionappears. InthecaseofGaussian

distributions theSpatial intensitydistributionreadsas

eq.(3.1).andtherelatcdmomentumdismbutionbecomes

I,(")cEexp[-("-"0)2/2"2][1+cos(")],
（3．2）

whichisshownfbrtypicalcases inFig. 5. Whenone
calculatesthewidthsoftherelateddistributionfimctions

ヘ ヘ ヘ ヘ ヘ 句

<(AX)2>=<x=>-<X)4and<(△た)">=<">-<k>=,onenotices

that ((Ak)2>canbecoInesmallerthanthecoherent state
value"(atA=0),where△ご品=1/2isfillfilled. This

means inquantumoptical terminology interferometric

squeezing26~28) which evell caI1 be strengthenedby
multiplateinterferometers. 29) (Fig.6)Oneemphasizes
thatasinglecoherentstate(AcMr=l/2)doesnotexhibit

squeezingbutastatecreatedbysupelpositionoftwo

50 1I 00 3.Z8

Fig.5.Wavepacketshapesinordinaryandmomentumspaceat
low(above)andhigh(below) interftrenceorder.
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Fig.6. Squeezingofthemomentumdistributionfbrathree-

(above)andafbur-plateinterftrometer(below) fbraAr/h=
5牝．

I｡(x)=|v'(x)+v'(x+AO)|'
=exp[-x2/2&2]+exp[-(x+Ao)2/2ar2]+2exp[-x2/4&2]xexp[-(x+Ao)2/4&2]cos(kA),

（3．1）
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momentumbandisfilteredOutofthebeambehindthe

interferometerbvmeansofanadditionalanalvzercrvstal30)
ヴ シ

andithasbeenshownthatamodulationofthemomentum

dismbutionappearswhenthisanalyzercly'slalscansthe
dismbution fimction.25) These highly non-classical

SchrOdinger-cat-likestatesareratherfragileagainstany

kindofflucmationsanddissipationeHEctsaswewillshow

inthefbllowingchapter.
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§.4.Wignerrepresentation
Inquanmmopticsmanyphenomenaarevisualizedby

Wignerquasi-distributionfilnctionswhicharedefined
aS31'3)

ご

1 +F

le'陣伽号)I''(x-:)･*%既("'x)=FL
(4.1)

whereinourcase

V's(x)=り'(x)+V'(x+A), （4．2）

whichgiveseq.(4.3). Integrationoverthemomenmm

variablegives the spatial distribution (eq" (3.1)) and

integraUonoverthespatialvariablegivesthemomentum

dismbution(eq.~(3.2)).TypicalresultsareshowninFi9.7.

32)Whenfluctuationsofthephaseshifier("Vorめ0)are
included,onenoUcesthatthewigglestructureinbetween

theseparatedpeaksismoresensitiveathighintemerence

orderthanatloworder.Thisphenomenoniscausedbythe

statisticalnuctuationsofthe interactionactingonthe

neutronsinsidethephaseshifier. Itcausesadecreaseofthe

coherenceandatransitionfiomaquantumstatetoa

mixture. Fromthatconsiderationupper limits fbr the

separaUonofmassive(SchrOdinger-cat) systemsdue to

unavoidablezero-pointnuctuationscanbegiven.Thusthe

extension of quantum 1IGedanken'' experiments to

arbitrarilylargedistancesisunphysical.

ン

m＝100

一
＝

－－一一
＝

Fig.7.Wignerfilnctionsat low(above)andhighinterfErence
order(below)without(left)andwithnuctuations(right).
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§.5.BoundaryInducedRevivalLimits
Invariousintelferometricphase-echoexperimentsithas

beenshownthat theoriginal contrast can - at least

approximately-berevivedwhenalargephaseslUfi(AI >>

Ac)iscompensatedbyanotherone(A2三A, ).33,34)Amore
accuratetreatmentshowsthatacompleterevivalofthe

onginalwavefimctionbecomesimpossibleinprincipledue

tounavoidablesplittingsofthewaveiilnctionincaseofany

interaction.35) (Fig. 8) Thisindicatesthat thecomplete
wavefilnctionkeeps infonnationabout all details of

interactionsthesystemexperiencedbetweenthesOurceand
thedetector. Atheoretical treatmenthastoincludethe

packetstructureofthewavefilnctionandthechangeofthis

stmctureduetothedispersiveactionofanyinteraction.

S"JJr“）一一一一＞ （DE舵αor
→←

Fig.8.Wavefilnctionstructurefromdifftrentphaseshifters.

coherent States canexhibitaconsiderableamount of

squeezing. Thesehighlynon-classicalstatesaremadeby
thepowerof thequanmmmechanical supelposition
principle.
TheexiStenceofsuchneutronstateshasbeenverified

recenUyby a novel momentumstate postselection
experiment.25)Firstithasbeenshownthataninterference
patternintheregionA>>Accanberestoredwhenanarrow

恥")="(腿｡御幸"(x+")+2"(x÷÷,")cos(A･h)

"Q31"隙￥錘｡F&鶚』}､管"ﾄ{-W1…“ ｝
（4．3）
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Aninfinitesimallynarrowmomentumbandonlycancross
a barrierwithout losses which generates amore
monochromatictransmittedwavewhichresultsinalarger
coherence lengthwhich, stepbystep、will reach the

dimensionsofthebarnerscausingthattheyacIcollectively

(i.e. enhanced)onthewavefimctionThiscausesdistinct

energybandsinsidetheperiodicstructureandresultsin

Bragg-likediHractions,36)whichunderlinesthe;atement
thatacompleterevivalofthewaveimcUonbehindan

interacUonregionbecomes impossibledue to typical

quantumenectsand it shows that irreversibility isa

filndamentalproperO,ofnamre.37-39)
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§.6.Applications:FourierSI)ectroscopy
Coherencepropertiesandphasemeasurementsarethe

basicfbaturesofFourierspectroscopyandholograph)'.
Equation(8)showsthatthemeasurablecoherencefimction
isgivenby theFourier-transfbnnof themomentum

distribution,andfromgeneralscatteringtheoly2''22) one
knows that theangular (momenmm) dismbutionafier
elasticinteractioncanbewritにnasaFourier-transfbnnof

therelatedvanHovecorrelationfilnction

Fig.9. Sketchofanexperimental set-upfbrelasticFourier
neutronspectroscopy.
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” Takingintoaccountthemomentumdismbutionofthe

incidentbeamg(h),whichgivesro(4) andthebeam
attenuationduetoparasiticeHects,onecanmeasureG(4)
dil･eCtlV40):

－
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'",=g-z'*(!-曾昌.)G(4) {52,偶(4)’FOURIERSPECTROSCOPY

TheresultsinFig. 4demonstraにindirectlythisfeamre.

Figure9 sllowsasketchofacorrespondingset-up. A

simlarsituationexistsfbrtime-dependenteHEctswhere

recentlySummhammerero/.41)haveshownhowmultiple
photonexchangebetweentheneutronandanoscillating

fieldcanbemeasuredbyatemporalFouriermethod. In

contrasttoordinalyFourierspectroscopyi themomentum

(energy)exchangeinthetargethastobesmallcomparedto

themomentum(energy)widthsofthebeam(Fig. 10).

ThusabroadincidentspectrumisfavourablefbrFourier

spectroscopyiwhichincreasesintensityandthespatialand

temporalresolution.Relatedexperimentsareinprogress.
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