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NeutronMicroscopewithPhaseContrast
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Theusualphase-contrastmagmgmethodsdemandthattheoUectbeilllunmatedbyspatialcoherentwaves,which

mvolvesasigli6cantdecreasemluminosity.But,neutro11phasecontrastimagmgmayalsobeachievedbynlesocalled

NeutronOpticalSpmRotationefIbctmwhichspatialcoherencyoftheinitialwaveisnotneededAsimpleneutroll
microscopebasedonthisideaisproposedtodemonstratethepossibilityofphasecontrastmlagingwithUCN.
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§.1. Intmduction

Remarkableprogressinneutronmicroscopeengineering
andrealizaUonhasbeenacmevedinthelastdecade.This

ismainlyrelatedtothecreationofintensesourcesof

ultracoldneutrons (UCN). Suchneutronsdisplayan

umquecapabilityfbrrenectingspecularlyfromthesurface

ofmanymaterialsatanyincidenceangle. Itisessential

thattheneutronvelociWshouldbelowerthanthelimting

velocityI4imfbrthematerial. SotheuseofUCNmakesit

possibletodesignmrrorfbcusingSystemsaSfbrusual

optics.Theprincipaldistinctionistheinfluenceofgravity

ontheneutronspassingthroughtheopticalsystem. This

iniluence involves special aberrations appearing ina

neutron image. Thisproblemhasnowbeenmostly

solved.'･3)Neutronimagingofspecial"whiteandblack"
objectshasbeendemonstratedinseveral experiments.

HoweveI;themost"realistic''objectsmustbembreorless

transparent toneutronswithonlythephasestructureof

transmittedwaveschangingatinteractionwiththeobiect.

Thismeansthatsolutionoftheproblemofphasecontrast

imagingis thecriticalpoint fbr thefilmreofneutron

mlcroscopy.

wherelistheincidentneutronwavelength,"isthe/-th

typeofnucleus densiW,and6' isthecoherentscattering

lengthfbrboundatomsoftype,7'{ Soitispossibletotry
togetaphasecontrastlikeinusualoptics・ ButtheuSual

phase-contrastmethods demand that the object be

illuminatedbyspatialcoherentwaves,whichinvolvesa
significant decrease in luminositv. That iswhv the
ｰ プ ヴ

possibilityofrealizing thephasecontrastmethodin

neutronmicroscopywas initiallyconceivedasadistant

prOSpect.

Butaswasproposedpreviously,neutronphasecontrast

imagingmayalsoberealizedusingUleso-calledNeutron

OpticalSpinRotationeHect.4,5)Polarizedneutronsmustbe

usedfbrtherealizationofthisideabutspatialcoherencyof

the initialwave isnotneeded. Thisconcepthasthe

advantageofhigherluminosib/andmakesitpossibleto

realizephasecontrastatthepresenttimeinusingmodem
UCNsources.

§.3.PhasecontrastandNeutronOpticalSpinRotation
Tbrealizetheideaofphase-contrastimaging, itisneeded

toprepareapolarizedneutronbeamwithspins tobe

orientedpeIpendiculartothemagneticfie1dB.Forastatic

magneticfield､ theneutronwavefUnctionhasthefbrm:
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§.2. Neutron-matterinteractionandtheoriginofthe
COntraSt

Unlike fbr light andelectronoptics, neutronwave

propagationinmaterial isdefinedpredominantlybythe

strongneutron-nucleusinteraction.Asthistakesplace､the

neutroncaptureandup-scatteringprocessesleadtoneutron

beamattenuationwhilepassingthroughtheobject. This

fbrmsabasisfbrobjectstrucmrevisualization. Butthe

possibilityexists inneutronmicroscopy toobtain a

contrastwithdiHerentorigin. Thiscontrast isrelatedto

thedistinctionbetweenthelimtingvelocitiesfbrdiferent

materials. Sointhiscase,aspecialspectralcut-oHcontrast
isrealized.2)

Besides,asinlightoptics,neutronwavepropagationin

amatedalcanbedescribedbyusinganindexofrefraction.

IntheabsenceofmagneUcinteraction, it isgivenbyllle了IntheabsenceofmagneUclnteraction， it isgivenbylhe
fbrmula:

HereJJistheneutronmagneticmoment､えandEarewavel

number andkinetic energyof the incident neutron,

respectively. Suchatransverselypolarizedneutronbeam〃

maybeconsideredasacoherent supelpositionofstates

withspinprqjectionsparallelandantiparallel tothefield
ThewavenumbersofthesetwostatesarediHerentand

their interferenceinspaceleadstoaLarmorprecession

pattem.6) Theprecessionangle isdefinedbythephaseシ

diHerencebetweenupanddowncomponentsofthespinor

(Eq.(2)), AnadditionalphasediHErencewillarisewhen

theneutronpassesasample. ThiseHEctresultsfromthe

diHerencebetweenLandk_andwavedispersionmmatter.

ItwascalledtheNeutronOpticalSpinRotation(NOSR).

ThevalueoftheangleofNOSRisoblainedas:

の＝座ユ･"(1－") (3)’
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Eq.(3)containsthefactor

①="(1－"） il
(4）

1】
B

whichhasthesamefbrmasthephasediHerencearising
betweencoherentbeamsintheusualschemeofaneutron

interferometer. SuchaphasediHerence alsoprovidesa

basisfbrphase-contrastimaginginanopticalmicroscope

withtheobjectillumnatedbyspatialcoherentwaves. So

theNOSReHectcausesthefilllprecessionangleptobe

dinerentfbratransparentbutoptiCallynon-homogenous

sample. This factprovidesabasisfbrphase-contrast

imaging inneutronmcroscopy. It onlyneeds the

conversionofthevariationinanglepintotheintensity

valiationovertheneutronimage. Itisworthnotingthat

theanglepisinverselyproportionaltothethirdpowerof

theneutronvelocity.Thusitisappropriatetousecoldand

ultracoldneutronstogetabiggereHect.

It isevident fromcomparingEq.(3) andEq(4) that

abandonmentofcoherentsampleilluminationinvolvesa

substantialdecrease inthephase-contrasteHect. But

nevertheless,thismethodgivesusthepossibilitytoobtain

phase-contrast images fbr lmcroscopicobjects at the

presenttime.

Inthefirstpapers4,5) concernedwiththisproblem、 a

neutronspin-echotecmiquewasproposedtoobservethe

neutronphasecontrast.Thistechniqueallowstheanglep

tobeseparatedfifomtheLarmorprecessionanglewhen

usingawideneutronenergyspectmm. RecentlXthe

resultsofthefirstspin-echoexperimentwi山asample
placed inoneof theLannorprecessionfieldswas

○

published.7) Coldneutrons(4=5.7A)wereusedinthis

experiment｡
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Fig.1.Thespin-flipperscheme;B:magnetic6eld,V:neutron
ve!ocity,S:neutronspin, J･ : fbilcurrent.

IftheimtialpolanzationoftheneutronbeamiSequalto
PothenaiierpassingUlroughtheflipper, itwillbeP=

Pocos("). Ifasampletobeinvestigatedisplacedinthe
gapbetweenthefbils,thenthetotalangleofprecessionwill

valy. Inthiscase, thepolarizationwillbegivenbyP=

Pocos (gk,+n,where theanglep isdefinedby the
neutron-optical characteristics of the sample and is

describedbyEq.(3) Sothepresenceofasamplecausesa
changeinbeampolarizaUon.Theuseofananalyzermakes

itpossibletoconverttmschangeintoachangeinan
intensity・ Thisisabasisfbrphase-contrastimagin9.

ItcanbeseenthattheratethepolarizationPchanges

with97dependsonthevalueofQ,. Itisbesttochooseangle

Q･ so that amaximumphase-contrast sensitiviq/ is
attained・ ThesensitiviO' isconvenientlydefinedasa

mimmumchangein (Eq.(4))whichcanbepractically
measuredfbrtheobjecttobeinvestigated.

Whenusingpolarizedneutrons, itispossibletodenve

thesensitivityfbrdiHerentmeasudngconditions.When

neutronswithonlyoneSpincomponent(upordown)are

detected, themaximumsensitivitywillbereachedif"
satisfiestheequation:

§.4.Phasecontrastinaneutronmicroscol)e
Furtherdevelopmentofthisideaconsistsincombining

thestaticspinflipperandtheprecessionpathwherethe
specimen is located.8) The requirements fbr

monochromatizationofanincidentneutronbeammaybe

insignificant inthecaseofasmall precessionangle.
Therefbre, it is not necessary touse the spin-echo

technique. Then, suchadevicemaybedesignedinthe
fbnnofamini-devicewhichsatisfies theproblemsof
neutronmicroscopy.

'Ibrealizethisidea, thethin-filmflipperwasproposed.
Thisflipperconsistsoftwo parallel, closely spaced
Cu汀ent-carlyingfbils(Fig.1).

Ifacurrent flowsalongthesefbils intheopposite

directions ineachother, then astatichomogeneous
magneticfieldwillbefbnnedinthespacebetweenthe

fbils. Thisilippershouldbeplacedinaweakextemal

guidefIeldorientednormallytothenipperfield.Neutrons

withaninitialpolanzationalongtheguidefieldwillpaSS
non-adiabaticallythroughthefirstcurrent-carlyingfbil
andenteraregioninwhichthefieldisperpendiculartothe
original spindirection. TheneutronspinSbegins to
precess around the flipper fieldBdirection. The

magnitudeofthefieldandthediStancebetweenthefbils

maybevariedtogetaSpecifiedLarmorprecessionangle"
ibrneutronspassingthroughthenipper. AfterpasSing,
alsononadiabatically>throughthesecondibil, theneutron

will entertheguidefieldagain.

cos(蝋)=±(､/i~T7/-､/7)ﾕ;,=笄 (5）

wherejVisthequantityofneutronsinanimagedelement,
(notincludingbackground);ﾉVbisthebackgroundfbrthis
imagedelement.Theplusorminussigndependsonwhich
component(upordown)isused. Iftheinitialpolarization

iStakenasPo=1,thenthesensitivity(=99%CZ,)isgiven
bv:

‘鯛鬘方孟M言アー"）
1

(6）

But it seemsmoreattraCtive todetect twodiHerent

1magesatatime,usingtwoposition-sensitivedetectors. In

thiscase,theneutronbeamissplitintotwocomponentsb)'
ananalyzer(Fig.2).

Undertheseconditions, thepolarizationcanbetakenasa
measuredvalueatanimagepoint. Thenthemaximumof

phase-contrastsensitivitywillbereachedat似,＝兀/2andis
givenby:

且､/1~¥~J7
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A①≧350ﾉ．αa T=10"ys

AX≧0.06 S=10×10L"772
(10）

Forreference, thevaluesof andXaretabulatedin

THble l fbrdiHerentchemicalelementswithasample

thicknessofd=l〃". Onlyafewelementswithoptical

potentialsE,imoflessthanl30neVarepresented. The

neutronvelocitywastakenasI/=6.0"恋(E三2.10-7eV)and
thevalueofthemagneticfieldB=10G.

WluesofDxand"presentedinthelasttwocolumns

arethesamplethicknessessuchthatEq.(10) isfillfilled.

So,theyarethelimiUngthicknessesfbrvisualizationunder
theconditionsmentionedabove. Itcanbeseenfromthe

Thblethat thesensinviq'ofthephase-contrast imaging
methodisconsiderablyhigherthenthesensitiviWofthe

usualmethodwhenworkingwithtransparentohjects.At

present, itispossibletoobservephase-contrastimagesfbr

micron-sized objects. Webelieve that the filrther

development inUCN-sourceswill reSult inextensive

studiesinneutronmicroscopy.

4

Fig.2.ThesChemeofaphase-contrastneutronmicroscope; 1;
spin.Hipperwithobjectplacedinside,2:objective, 3 :
analyzer-splitterfbrneutronbeam, 4,5 :ZDdetector.

Thisschemeismorepreferable,becausetheprocedureof

settingthemaximumsensitivitydoesnotdependonthe

backgroundanditisalwaysdefinedbytheconditionn=7T

/2. Thisconditionmeansthat thepolarizationafierthe

flipper,withoutthesample, mustbezero. Besides， the

quantitativecharacteristicsoftheimageareinsensitiveto
incidentneutronnuxnuctuations. ItcanbealSoseenfrom

Eqs.(6)and(7)matinmiscasethesensitivityishigherby

aboutl0%・ Computersimulationhasbeenperfbnnedfbr
this schemeunder theconditionsofawideneutron

spectrumanddivergentbeamwithadeviationfromthe

axisofupto30o.Theseconditionsareclosetoreality. It
wasshownthatinthiscase､ theeHEctcoincideswiththe

eHectfbrcollimatedmonoenergeticneutronbeam.

Thephase-contrastimagingmethodproposedheremust

becomparedwiththeusual imagingmethodbasedon

attenuationoftheneutronbeampassingthrough the

sample. Inthissituation, thevariationinimageintensity
isdefinedbvthewell-knownfbnnula:

ご

/=/bexp(－pozJ)=jbexp(-X). (8)

Herejandj6 are the intensityof the incident and

transImttedbeamrespectively,ptheatomicdensity,othe

crosssectionfbrthereactionswhichareresponsiblefbr

neutronbeamattenuation,anddthesamplethickness. If

thesampleisvclythin､ thenthevalueXinEq.(8)ismuch

lessthanunity. Inthiscase,thesensitivity(三99%CL)will

begivenby:

Tablel.Contrastpropertiesofsomeelements.(d=1ﾉ"刀,V=
6.0m/3,8=10G)
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Al 3．24 54.9 3．7 14.9 162 23.5

Si 3．27 35．9･ 3.7 15.2 162 23．0

Cr 3.80 75.5 182 21 .3 3.3 16.4

ZI1 4.33 98.1 20.3 29.0 29．5 12.1

Ge 4.35 99.0 30．2 29.3 19.9 11．9

Mo 4．34 98．5 51.0 29．2 11.8 12．0

Ag 3.92 80．4 989 22_9 0,6 15.3

In 2．79 40.7 1637 10.8 0.4 32.4

Sn 3.38 59．7 4.9 16.4 122 21.3

Ta 4_32 97.6 337 28.8 1 ．8 15.8

W 3．86 77.9 327 22．1 l .8 1う.8

A11 4．73 117．0 1902 36.2 0.3 9.7

Pb 3.97 82．4 1.6 23．6 375 14．8

Si28 3.23 55.4 3.9 15.0 134 23.3

Siz9 3.48 63.3 2．3 17.5 261 20.0

Si30 3.44 62.0 2.5 17．0 240 20．6
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A2'07 4.43 102．5 1206 30.7 0.3 11.4
(9）

Ag'09 3.29 56.6 2354 15.4 0.3 22．7

§.5. Phase-contrastneutronmicroscope-Is itI)0sSible
tod”？

ご

At themoment theUCN-sourceat thelnstitutcLaue-

Langevin(France)oHersthebestconditionsibrneutron

mlcroscopeoperatlon・ Theultracoldneutronnuxatthis
sourcelsﾉ？＝3．3．lO4neut./cﾉ"。secwilllK<7.0ﾉ"/sec. 9)

Usingtheexistingneutronlnicroscope,2) it ispossibleto

detectabout 3.103neutronspassingthroughanomect
へ

elemenloflOX10/""4duringlOdaysofexposurc. Ifthe
valueofr is takenasO.2,whichwasobservedinthe

previousexperiments, thenaccordingtoEqs.(7)and(9),

thesensitivitytotheohjectelemenlvisualizalionwillbe

givenby:
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