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WehavedesignedandfabricatedtwoNickelTitaniumbasedmultilayerneutronsupennilTorsibllowingadesign
ibrmalismproposedbyHatyerandMook.OnemrrorhaslObilayersandtheoUleronehas30bilayers.nle
neutronrenectivityprofilesofthesesupennirrorshavebeenmeasured Thecriticalangles ibrtotal extemal
renectionsare36and41mnutesofanarcibrthemlTorswithlOand30bilayersrespectivelyfbrneutronsof

wavelength406A. T1nleproiilesmatchtheexpectedcalculatedrenectivityreasonablywell.
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§.1. Introduction

Neutronsundergo total external renection from

mostofthematerialsurfacesatneargrazingincidence.

TherefifacUve indexofthemediumdependsonthe

opticalpotentialexperiencedbytheneutroninsidethe
material. Onecancalculatetherefractiveindexofa

mediumfbrneutronsfromoptical theoIy,')wherethe
mediumis consideredas ahomogeneousdispersive
media. Refractiveindex，n!ofamediafbrneutronsof

wavelengthlisgivenbytheexpression、

"=1－だp6c｡h/27r, (1.1)

wherepiSthenumberdensityofthemediumandbcoルis

thecoherentscatteringlengthofthematerial. Mostof

thematerialshavepositivebc｡handhaverefractiveindex

lower thanunitywithrespect tovacuum. Neutrons

undergototalexternal renectionfromsurfacesofsuch
materials. Thecriticalagfbrtotalexternalrenectionis

givenby>

4＝､/2('-") (L2)
whichdependsonthewavelengthl,numberdensityp,

andcoherent scattering lengthbcoAof themedium.

MatelialSwithlargerpandbc｡hwillhavelargercntical

angles・ Utilizingtotalextemal renectionofneutrons

fromsmoothmetal surfaces,neutronsaretransported
fromtheirsourcetotensofmetresofdistanceawavin

ご

neutronguidembes. Theguidewallsareusuallymade

fi･ommckelcoatedonfloatglasssubstrate. Nickelhas

alargecoherentscatteringcross-sectionofl.03xlO-'2
cmandlowabsolptioncross-sectionamongthemetals.

Ni llasacriticalangleofabout6minutesofanarcperA
Floatglass substrate llas lowsurface roughnessand

reducesdimlsescatteringofthebeam. Usuallyabout

1000Atol500AthicknessofNicoatingissuHicientibr
total extemal reflectionofneutrons inaguide.2) Tb
increase the critical angle fbr total external

reflection, insteadofasinglelayer,multiplebilayer

stacksofvalyingthicknesseswithmaterialsofwidely

diHerent coherent scattering length have been

developed.3) Inhis pioneeringwork,Mezei had
suggestedafbnnalismtodesignsuchstacks,aptlycalled

supennlrors､basedoncontinuousvariationofthelayer
thicknesses. 4) Ifthesebilayersaremadefrommagnetic
andnon-magneticalternatinglayers,whichisusually

thecase,underamagneticfieldthecriticalanglefbr

neutronswithspinsparalleltothefieldwillhavewidely

diHerent critical angleofreflectionwithrespect to
今、

neutronswithspinantiparalleltothefield.'ノ Theorigin

ofthedevelopmentofsupennirrors lies inattemptsto

producepolarizedneutronbeambymirrorreflection.3-4)
In thepresentworkwe report fabricationand

characterizationoftwosupennirrorsusingnickeland

titaniumfbllowinganalgon山m,givenbyHayterand

Mook,5) inwhichtheyaccountfbrtllediscretenatureof
thebilayerstacksandalsoderivethecorrectcontinuum

limitfbrthicknessesofindividual layersinaparticular

bilayerofthestack. Titaniumhasanegativecoherent

scatteringlengthof-0.33×1O~'2cmandhasverygood
contrastwithrespecttonickel(bc｡h=1.03×1O-'2cm)fbr
neutrons. It isunderstoodthat toincreasethecritical

angleofasupermirror, thenumberofbilayersshouldbe

large. Butincreaseinthenumberofbilayerswillalso
result in largecumulativedeviationfrolnthedesign
thicknesses、 afierdeposition,withrespect toamirror

withsmallernumberofbilayers.Wehavedesignedtwo
mirrors,onewithlObilayersofnickelandtitaniumand

anotherwith30bilayersofmckelandtitanium, inan

attempt tostudytheeHect of increase innumberof

bilayersonthecritical angleandonthe reflectivity

profile.

The superlnirrorsweredeposited inanelectron

beamlleatedvacuumdeposition sysleminNagoya

Universityi Japan． The supermirrors have been

characterizedusinganeutronreflectivitymeasurelnent
setup inDHRUVAreactor・ India､6） Insection2we
discuss thedesignofthesupermirrors, fbllowingthe
fbrmalismofHaVterandMook. Section3containstlle
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detailSofthevaCuumdepoSiliOnSyStem. InSeCtion4

theneutronrenectometersetupisdescribed, fbllowedby

the resultsoftheexperiments, discussions、 and the
conclusionsinsectionS,

§・Z. Design
HayterandMookllaveobservedthat thecorrect

continuumlimtfbrthethicknessesoflaVersinthek-th

bilayerofthesupermirrorisgivenbyequations､5）

dk!=clb/4,

dk2=(dr,2+d;2)-'/2, (2･1)
whereldenotestheopticallylessdensematenaldtis

givenby,

db=1/2ag. (22)
gkisarootoftheequation

勇一2ﾙ'′斗島黛+"-2"'/4"+ﾙ'′2fi=0
（2.3）

andtheconstant

島＝05657864 （24）
Onecancalculatethethicknessesofthelayers,given

thematerialsusedinthebilayersfromeq. (2.1). We

have designed two supennirrors using Ni/Ti
combination.onewithlObilaVersandtheotherwith30

〃

bilayers inordertosmdytheincrease inthecritical

anglewithUleincreaseinthenumberofbilayersand

otherrelatedchanges intherenectivityprofile. This

alsohelpedtofindout therobustnessofthedesign

fbrmalism. It isknownthatqualityofthefilmand

rougmess increaseswith increase inthenumberof

layerSwhiclltendstomodifythemeasuredcriticaledge

andUlediHilsescattering. Thefirst layerat theair-
mirror intelface isnickel incaseofboththemirrors

fabricatedbyus. Accordingtothecalculationthislayer
○

thicknessshouldbe252.12A. Wehavedoubledit to

504.2Ainourdesigntoinhibitanydropinrenectivity
atthecriticaledgeofnickelduetoincompleterenection

inmefirstlayer・ Itwasintuitivelyfeltthatbydoubling

thelayerthicknesswedonotintroducedrasticdiHerence

in thephaserelationshipbetween the incident and
renectedwaves.

§.3. DepositionoftheSupermirrors
Thesupennirrorsweredepositedincleanultra-high

vacuumsystem(10~'' torrorbetter)byelectronbeam
heatingofthetargetmaterialsnickelandtitanium. The

details ofthedepositionsystemhasbeendiscussed

elsewhere.7)AschematicofthesystemisgiveninFig． 1.
●･'ThesubstratesusedfbrdepositionofthemultilayersThesubstratesusedfbrdeposltlonofthemultilayers

werefloatglassofvelylowsurfnceroughness・ Dunng

thedepositionthesubstratewaskeptcooledtoliquid
nitrogentemperature. Thiswasdoneto inhibit the
interlaVerdinilsionat theNi/Ti interfaces、 sothat the

deposited films are as close to the ideal design

thicknesses andmorphology as possible. The
O

depositionrateisnonnally0.1A/secasmonitoredina

qllartzoscillator. ThetllicknesscanbeControlledto

about O2A. Afierdepositiontllemultilayerswere
slowlybroughtbacktoroomtemperature,being

subSfrqfe
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Fig. 1. Theschematicofthevacuumdepositionunit. TP
denotesturbomolecularpumpandlPdenotes ionpump.
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Fig.2. TheneutronrenectometersetupatDhruva. The

monochromatorusedispyrolyticgraphite,giving4．06A
neutrons. Theleadblockwithaslitofabout5mmx

35mmisusedtoreducethegammabackground.
Beryllium61terisusedtoremove2Aneutronsfromthe
beam. CdslitlandCdslit2arethecadmiumslitswhich

fbrmthecollimator,givingabeamof6minutesofarc
divergence.

maintainedundervacuumduringtheheating. Thesize

ofthemilTorsdepositedareabout 30mmby70mm.
Themirrorwith lObilaVersandtheotherwith30

bilayersweredeposited in the same run. The

substrateofthemirrorwithtenbilaVerswasmasked

whilethefirsttwentybilayersfromthesubstrateupwards
weredepositedontheothermlTor, fbllowingwhicllboth
themirrorswereopenedandtheresttenbilayerswere
deposited. Sothetoptwentylayersofboththemirrors

arenearlyidentical.

§.4. CharacterizationoftheSupermirrors
TheneutronrenectiviO'profilesofthesupermirrors

weremeasuredusingarenectivitymeasulingattachment
onanexistingFilterDetectorSpectrometerinDHRUVA
reactorwhichcanmeasurereflectivityprofileofvertical

samples.6) The schematic is shown inFi9.2. This
consistsofacollimatorwithtwocadmiumslitsofwidths

0.8mmand0.4mmrespectivelyandheightabout35mm,

separatedby600mmdistance・ Neutronsofwavelength

406AfromagraphitemonochromatoraiTerpassmg
throughaBefilter( fbrremovingl/2contamination

hom2Aneutronsinthebeam)paSSthrougllthis
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toreduce thebackgroundat thedetector. Thisalso

restrictstheoverlapofthedirectbeamwiththerenected

beamdunng renectivitymeasurement at the lowest

possibleangle Thesampletableandthedetectorare

mol･ed in9-29modetoscanthespecularreflection
profile. This attachment canmeasurewavevector
transferdowntoO.008A.l

§､5. ResultsanddiscussiOn

Thereflectivityprofilesofboththesupermrrors,
measuredintheabovesetupareshowninFi9.3. The
mrl･orwithlObilayershasacriticalangleof36minutes
ofanarcandthemlTorwith30bilaVershasacritical

angleof41minutesofanarc. Theexpectedideal

renecUvityprofileasperthedesignthicknessesalong
withthemeasuredreflectivitiesarealsoshowninFi9.4.

It isclearUlatincreaseinthenumberofbilayershas
resultedinincreaseinthecnticalangleoftotalexternal

reflection. Themeasuredprofilesofthemirrorwithten

bilayers are ingoodagreementwith thecalculated

pronle. Themirrorwiththirtybilayershasacritical

anglelowerthanwhatisexpected. Thismayhappen
duetoseveralreasons. Tbpointoutafew: cumulative

eHectofdeviationfromthedesignthicknessesislarger
incaseofmirrorwithlargernumberoflayers, interfacial
roughness isalsosupposedtobemoreinthecaseof

mirrorwithlargernumberoflayers. Therapidfall in
renectivitybeyondthe total renectivityregioncanbe
attributedtothesurfaceandinterfaceroughnessesofthe
depositedmultilayers. Therenectivityofthemirrors
belowtheircnticalanglesarequitenatandwedidnot
observeanysharpdropsinrenectivityinthisregionfbr
boththemirrors. Theslowfall towards lowerOis

～

knoMmas'Ifbot-printeHect'1andisunderstoodtohappen
becauseofthefactthatthesampleareabecomessmaller
thanthebeamdivergenceatnearzeroincidence. We

havenotattemptedanygeometriccorrectionofthedata
fbr thiseHect. Thecalculated ideal curvesare the

renectivityprofilesofthemirrors, computedusingthe
designthicknessesandassumingideallynatsubstrate.

Wehavenottriedanyfittothereflectivityprofiletofind
outthebilayerthicknessesafterdeposition.

InconcluSionthesupennirrorsfnbricateduSingthe
said fbnnalismhave renectivityprofiles ingood
agreementwiththeCalculatedprofiles. Themirror

withthirtybilayershasalargercriticalanglethanthe
ml汀orwitll tenbilayers. The largerdeviationfrom

idealprofileincaseofthemirrorwitlllargernumberof
bilayers lnaVbedue tocumulativedeviations from

calculaにd layer thiCknesses and larger intelface
rougllnesses.
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Fig.3. ReHectivity(R)plottedagainstQfbrboththe
supermirrors. ThemirrorwithlObilayershasacritical
angleof36minutesofanarcandthemirrorwith30

bilayershasacriticalangleof41minutesofanarc.
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Fig.4. (a)ThemeasuredreHectivity,R(circles)vs・Qfbr
themirrorwithlObilayersandtheidealcalculatedpro61e
(continuousline); (b)MeasuredR(circles)andideal
calculated(continuous line) fbrthemirrorwith30
bilavers.
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collimatorandimpingeonthesample Thecollimator

reducesthebeamdivergencetoabout6minutesofan

arc. Thisamounts toaQ(momentum) resolutionof

aboutOOO6A~'. Thecollimatorispositionedonax-
displacementtablewithanaccurac)'ofmovelnentbetter
than lOmicrons, so that theneutronbeamcanbe

positionedat the centre of the sample tablevely'
accurately・ Theslitbefbrethesample(slit2,0.4mm)is

alsoplacedonasimilardisplacement table,whichis

usedtoaligntheslitsbefbre lhe sample. Tllere is
anotherslitoflmmwidth(slit3)infi･ontofthedetector
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