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Apolanzingbeam-splitterdevicewasdesignedusmgFe/SisupelmilTorsinordertoobtaintwopolarizedneutronbeam
lines, firomoneunpolarizedneutronbeamline,withapracticalbeamsizefbrinvestigatingthepropertiesofcondensed
matter,Thisdevicewasmountedafieraguidetubeatapulsedneutronsource,anditsperibrmancewasinvestigated.
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§.1. IntmduCtiOn
Arecent increase in the critical wavenumber of

supermirrors has contributed to the improvement of

polarizersat apulsedneutronsourCe,whereawide

wavelengthbandisrequired.Theprincipleofsupennirror

polarizerSistousemagnetizedmulti-bilayerswithslowly

valyingd-spacings,whichproduceasuperpositioningof

Braggreflectionsoverarangeofwavelengths(1)fromlmm

tolnmx.Thecombinationofmaterialsfbrthemagneticand

nonmagneticlayersischosensothatthedinerencebetween

thenuclearandmagneticscattering-lengthdensitiesofthe

magneticmaterial canbemadeequal to thenuclear

scattering-lengthdensiWofthenonmagneticmaterial,and

eventuallyneutronSinonespinstaにarerenectedbvthe

supennirrorandthoseintheotherstatearetransmitted.

Theminimumwavelength(Amm) isdeterminedby the

minimumd-spacing.Asupermirrorischaracterizedbythe

criticalwavenumber(gc)correspondingtotheminimum

dBspacingandg｡ isnormallyrepresentedinunitsofthe
criticalwavenumberofthetotal reflectionfromnatural

nickel,QXOntlleotherhand,fbranFe/Sisupennirror
evaporatedontoasiliconsubstrate,')fbrinstance､えmax
is limitedtoUletotal renection fromthesubstrate; at

l>Anax, total reflectionoccursfbrneutrons inbothspin
states.Thecriticalwavenumberofthetotalrenectionfrom

thesubstrateisnormallyhalfthatofQXRecently,since
supennirrorswithg｡～3gcNi havebecomecommercially
available,polarizedbeamscanbeobtainedoverawider

wavelengthbandaccessibleat apulsedcoldneutron
SOurCe、

It isnecessaryto install asmanyspectrometersas

poSsibleataneutronscatteringfacilityllavingalimted

numberofbeamholes. Atasteadyneutronsource, since

most spectrometersuseamonochromaticbeam、many

neutronbeamlinescaneasilybemadetobranchfromone

beamlinebyusingtheBraggrenectionfromacrystal. At

apulsedneutronsource、 however、 theBraggrenection

fromaclystal isnotsuitablefbrabeambranch,because

eachspectrometerrequiresawidewavelengthband､and,

therefbre, adeviceusingasupermirror isapossible
candidate to satiSfySucha requirement. Thebeam

separationwithtwicetheangleoftllegrazingangleofthe

supermirrorisobtainedinsuchadeviceastlletransmitted

beamaswellasrenectedbealnfromthesupermirroris
へ､

uSed.ムノ Wedesignedapolarizingbeam-splitterdcvicc
basedontheaboveconceptinorderIoobtainlwopolarized

neutronbeamlineswithapracticalbeamsizesuitablefbr

investigatingthepropertiesofcondensedmatterfromone

unpolarizedneutronbeamline. Thepolarizingbeam-

splitterdevicewasmountedafteraguidetubeatapulsed

cold-neutronsource,anditsperfionnancewasinvestigated.

§.2.Experimentalset-up
Thepolarizingbeam-splitterdevice(manufacturedby

Osmclnc.)hasatrapezoidal shapefromthetopview;

supernUrrorsweremountedonthelinebetweentheapex

andthemiddlepointoftheoppositeside, asshownin

Fig.1.Theoutletareaistwicethatoftheinletarea(l.8cm

xSCm(widthXheight)).Halfoftheoutletareaisfbrthe

transmittedbeamthroughthesupennirrors; theotherhalf

isfbrtherenectedbeam.WechoseFe/Si supermirrors

evaporatedontoasiliconsubstrate')becauselessneutron
absorptionfifomthesubstrateissuitablefbrthetransmtted

beam. SincegcOfthesupermirrorsusedinthepresent

devicewasOO64A.! (mentionedbelow), thesupermirrors
weremountedbykeepingagrazingangleofA=09ofbr

theincomingneutronstothesupennirrorsinthepresent

deviceinordertoobtainapolarizedneutronbeamat
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Fig. 1. Schematicdrawingoftheexperimcntal set-upfbra
measurementofthetransmittedbeam(a) thatoftherenected
beam(b)andthesamplesupermirrormeasurement(c).GT,
M,BS,Cd,F,A,SSandDdenotetheguidetube,monitor,
polarizingbeam-splitterdevice,cadmiummask,spinnipper,
spinanalyzer,samplesupermirroranddetector,respectively.
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ﾉl>3A;eventually,thelengtllofthedevicebecamell8cm
includingnanges. Thesupermirrorswereassembledina

boron-glasstubeand theinsidewallsofthetubewere

coatedwithnatural nickel. Aboron-glass tubewas

mountedinamagnctichousingtoapplyamagneticfieldof

3000etothesupermirrors. Thepresentdevicewas

mountedafieraguidetube(naturalnickelCoating)ofthe

C3cold-neutronbeamhole3)atthepulsedneutronsource
(KENS)atNationalLaboratolyfbrHighEnergyPhysics;a

schematicdrawingoftheexperimental set-upissllownin

Fi9.1.

Formeasuringthetransmittedbeam,aspinnipperanda

spinanalyzerweremounにdonthebeamlineofthe

transmissiondirection, asshowninFigl(a).Thespin

flipperwasal,/iflipper,whichgeneratesamagneticfield

that is inverselyproportional tothetimeofnightof

neutrons, gynchronizedwiththerepetitionofthepulsed

neutronsource; therefbre, a4-independent nipping

eHiciencywasobtained.ThespinanalyzerwasaSollerslit

comprising Co/Ti Supermirrors. 4) FormeaSuringthe
transmittedbeam､theouUetareafbrtherenectedbeamwas

maskedwithacadmiumplate･ AsshowninFig.1(b), the

measurementoftherenectedbeam, thespinflipperand

thespinanalyzerweremountedalongthe renection
direction,andthetransmittedbeamwaSmasked. Inthese

experimentalset-ups,sincethebeamwascollimatedbythe

geometrical structure of the present device， the

geomemcally-detenninedbeamdivergence(geometrical

collimation)was44=0.9o. Theincidentbeamextracted

fromtheguidembehasa/I,-dependentbeamdivergence,

44/Z=0099deg/A(=gcNi/47t), asaresultofthetotal
renectiononthenickelsurface・ Thesmallerquantityin

4aandda)iseHectivefbrtheperfbrmanceofthepresent
device.

Furthermore, inorder tocharacterizethesupennirror

usedinthepresentdevice, thereflectivitymeasurement

showninFig.1(c)wasperformed. Insteadofthespin
analyzel; anFe/Si superminor sample, whichwas

evaporatedunder thesame condiUonas that fbr the

supennirrorsusedinthepresentdevice､wasmountedina

magnetic fieldof9.6kOe. Theneutronbeamwas

collimatedwithaslit system,which determinedthe

geomemcal collimation tobe4%=0.057o. The

renectivitywasobtainedfromtheratiooftherenected

intensityfromthesamplesupermirroragainsttheintensity
measuredwithout thesamplesupermirrorat thedirect

beamposition.
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Fig.2.Observedspin-dependentreflectivity(a)and
polarization(b)ofthesampleFe/Si supermirror.Thesolid
linesarecalculationsbasedonthethicknessdistributionof

thesupermirror.

in the present manufacturing. For renecUvity
measurement, asshowninFig.1 (c),asingle-sidecoated
supennirrorwasusedfbrthesamplesupennirror､ because

thenamesscouldberecoveredatthesamplemounting.
Thewavenumber(9)dependenceoftherenectivitiesof

thesupermirror(Rﾅ(9)andR~(9))fbrup-spinanddown-
spin,respectively,canbecalculated6) fromthethicklless
distributionofthesupennirror.5)Inthecriticalregion, the
wavenumberwherethe reflectivitydrops to0.95was

calculatedtobeO.064A1 andO.0117A.! fbrR+(9)and
R~(gﾉ,respectively.ThewavenumberofOO64A1 isalmost
3QJwi.Thecriticalwavelengthsofthepresentdevice(ん全）
areconvertedfromthecriticalwavenumbersfbrup-spin
anddown-spinbyusingthegrazingangle. Duetothe
thicknessdistribution,5)"(9)shoWedadip(decreaseof
renectivity) ataroundg=0.022A･l lntliecalculation,
sinceinterdi伍lsionsbetweenthe layerswereneglected,
R+(9)=latg<Qc,exceptattheabove-menUoneddip.
Theobservedpolarization(PoBs(ﾉl))andrenectivities

(IbBsoN(/l)andlbBsoFF(J,))ofthesamplesupemlirrorare
shown inFig.2. Thesuperscript oftherenectivity
representsthestateofthespinflipper. Thepolarization
canbe obtained fromthe reflectivities through the
fbllowingrelation、wherethenippingeHicienCyiSl:

尾･；")=職ｴ職 “’

§.3. Supermirror

Thesupennirrorusedinthepolarizingbeam-splitter
devicewas evaporatedonto a single-clystal silicon
substratewithathicknessof0.6mm.Tllesamecoatingas
thatofthesupermirrorstructurewasperfbrmedonboth
sidesofthesiliconsubstrateinordertoimprovethenatness
ofthesupermirror.3)Whenthesupermirrorstructurcwas
coatedonasingleside, thenamess (deviationofthe

suIface)was0.4｡；ontheotherhand, thenamessofthe

originalsubstrate(lesslllan0.02｡)wasalmostmaintained

bycoatingbothsides.5) SinceanamessofO､4oWaSnOt
appropriatefbrthepresentdevice,wherethegrazingangle
wasO.9｡, coatingbothsideswaschosen

Although therelativevaluesofthe renectivitieswere

expenmentallyobtained, thepropomonalconstanttothe

renectivitieswascanceledfbrdeducingtllepolarizaUon、
asshownintheaboveequation.Thereflectivitydatawere

scaledtothecalculations.Wecalculatetheルdependent
renectivities(/t(aﾉ1))atafixedgrazingangle(awithtlle
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actualbeamcollimation, fromRr(Q),andthefbllowing
polarizationswerecalculated;

凡の=側捌平岡洲'”
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where4andaarethegrazinganglesofthesupennirror

inthepresentdeviceandthatofthesamplesupennirror,

respectively. Po(1) is thepolarizationofthebeam

transmittedthroughthesupennirrorinthepresentdevice、

PI(1) is that ofthe reflectedbeamfromthesample

supennirrorandtheobsewationiscomparedwithP('l)=

Po(4)P,(4). The renectivities corresponding to the

experimentalconditionarecalculatedasfbllows:

ION("="(1)I+(a,4)+fr(4)I-(a,4) (4)

IOFF(4)=fr(1)F(4,4)十町(l)1~(a,4) (5)

wherePoL(4)=(1±Po(l))/2. Theobservedquantitieswere

welldescribedbyacalculationwitll%=1.07｡and&=

1.16｡,asshowninFig.2. Inotherwords,theobsen'ed

behavior isconsistentwithacalculationusingonlythe

thicknessdismbutionwithoutanyinterdimlsionbetween

layers・Thecriticalwavelengthinthepolarizationcomes

from%and thatin the renectivity froma. The

polarizationatl>"wasO.92,wherePo(ﾉl)andPI(ﾉl)
werecalculatedtobel.00and0.92,respectively. The

polarizationoftherenectedbeam(PI(l)) isdetenninedby

thelayerstnlcturewiththecontraSt;ontheotherhand,

Po(l)=lifR+(Q)=1,asshownineq(2).
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Fig.3. PerfbrmanceofthePolariZingbeam-splitterdeviCe・The
marksaretheobserveddataof thepolarizationofthe
transmittedbeam(a), thepolarizationofthereHectedbeam
(b)andtheintensityofthereHectedbeam(c); thesolidlines

are thecalculations. P7(l),fh(1),/7(4)andjI(1)were

calculatedbasedon therenectivityofthesupermirror;&.(4)
andﾉ)R.(1) includethe attenuationoftheintensityandthe
contaminationoftheunpolarizedneutronsfbr thereHected
beam.

renectivities(ﾉ含(凡,ﾉl)) intheactualbeamcollimationwere
calculatedfromthesupennirrorreflectivities (described

below). Figure3showsthesecalculatedquantitiesalong

withtheexperimental results・ Sinceup-spinneutronsare

reflectedat4>1.+,themaincomponentofthetransmtted

beamisthedown-spinneutronsandthatoftherenected

bealnthe up-spinneutrons. Thepolarizationofthe

transmittedbeam(P7(4))increaseswithiandP7(4)=lat

ﾉl>1c+if（島,A)=1.Atﾉl<J,c÷,I7(4)isgreaterthanldue
lothelransmissionof down-spinneutrons,wherethe

intensityoftheincidentunpolarizedbeamisdefinedtobe

2. At/l=1c+,ﾉj､/l) increasesduetoillerenectionofup-
spinneutronsandbecomesgreaterthanlatlargerldueto

therenectionoflhedown-spinneutrons.Atl>lc~,ルャ(え）
shouldbe2becauSeof thetotalrenectionoflleutronsin

bothspinstates; llowever､ lhecriticalregionOfthedown-

spinrenectivit)･ is slnearedoutdue tothe largebeam

divergence、 and eventually the illtensity gradually
increaseS. TheexperimentaldatashowninFi9.3were
obtainedb)'correctingthepolarizingefriciencyofthespin
analyzerandthenippinge伍cienCyoftheSpinnipperfbr

theobservedpolarizalions. The 'ldependenceoftlle

polarizingemciencyoflhespinanalyzerisdescribedb)'an
empirical fbrmulaestablishedbyanolhermeasurement,

andlllcnippingemcienc)'waspresentlydetermincdtobe

§.4.Polarizingbeam-splittcrde,'ice
Wenowdiscuss thepeIfbnnanceof thepolarizing

beam-splitterdevicemeasuredin theexperimentalset-up

showninFigs.1(a)and(b).Thequantitieswhichdescribe

theperfbrmancearelistedwitllthecalculationfbmlulaeas
fbllows:

鼻")=|剛鯏干側測。 （6）

柵=蝋|干蹴{ （7）

/r(/l)=e~"｡!ﾉsin80(2-1-(",4)-/+(8,1)) ,
（8）

IR(1)=F(a),/l)+I~(aD,/l) , (9)

where"P"and{{j''denotethepolarizationand intensity

(sumoftheintensitiesofbothspinstates); thesubscripts
"7' and'IR"denotethetransmittedandrcnectedbeams,

respectively. Theexponential fIctor ineq(8) is the

intensity lossdlle toabsorption through the silicon
substrate、 calculated from !he number densitV

("=5.00x1022cm-3), theル｣ependent tolalcrosssection
(o)7)andthethickness (r=0.6mm).Theﾉ1-dependenl
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l.0fbrﾉl<10AandO.8fbr/l>10Abyameasurementofa
shimplate.

Thepolarizationof the transmittedbeamcanbe

calculatedusingeq.(6)withtheacmal beamcollimation.
Intheexperimentalset-upshowninFigs.l(a)and(b),since

theintensiWofthetransmttedbeamwasmaximized,the

grazingangleofthesupermirrorsin thepresentdevice

shouldbel=0.9｡; infact,"isconsistent witha

calculationwith$=0.9｡(inthesupennirrorsampleset-

up, thebeamaxiswasslightlydiHerentfromthatinthis

optimization).First,byusingtheabove-mentioned"(9)
calculatedfromonlythethicknessdismbution,P7(ﾉ1)was
calculatedtobelatJ,>lc+, contraIytotheobsewed

polarizationlessthanl. Asmentionedabove, Pﾉl)=1
resultsfromR+(Q)=1.Therefbre,weintroduCedthefaCtor,
fr(9), toreproducetheactualreneCtivit); andcalCulated

thepolarization ineq.(6)usingq(Q)R±(Q) insteadof
R±(Q),whereamonotonousempirical fbnnulafbrq(Q)

wasestablishedon theassumpUonUlat cx(9)=1,099、

0.95 and0.93 atg=0, 0.02． 0.04and OO6A.',
respectively. Thisg-dependentfactorisconsistentwitha

nominal specificationof the renectivityofa 39Jw!
supennirror.5) As shown inFig.3(a), the observed
polarizationwaswelldescribedbythecalculation.

Ontheotherhand,asshowninFigs､ 3(b)and(c), the

obsewedpolarizationandintensityofthereflectedbeam

wasmuchlessthanthecalculation.Theobservedspectnlm

wascomparabletothequantityineq.(8)or(9)multiplied

by the incident-beamspectrum(ﾉi(ﾉl)). Since the

polarizationofthetransmittedbeamwaswelldescribedby

thecalculation,assumingtheobserved spectmmofthe

transmittedbeamtobe li(1)/7(4), the incident-beam

spectrumcanbededucedbyusingthecalculatedvalueof

I(え). TheobservedintensiWofthereflectedbeamshown

inFi9.3(c)wasobtainedbyusing Ij(4)deducedfromthe

transmittedbeamspectnlm. Thelessintensityand less

polarizationresultfromthemoredivergentbeamofthe

renectedneutrons and theexistenceofunpolarized

neutronscomingtothespinanalyzerwithoutrenectingon
the supennirror; respectively. Infact, the fbllowing

intensitygreatlyimprovedthecalculationdescribingthe

observedintensity:

spreadoftheincidentneutronsthroughtheguidetube,

detectedat thespin-analyzerdirection of"1.2o.The

factol;B, isanadjustableparameterand44(4) istheル

dependent incidentbeamdivergencementionedinSec.2.

The calculatedpolarization,BH'(ﾉl), corresponding to

eq.(10)greatlyimproved(hecalculationdescribingthe

observedpolarizationshowninFi9.3(b).

§.5. Summary
WedemonstratedaninvesUgaUonoftheperfbnnanceof

thepolanzingbeam-splitterdevice installedatapulsed

cold-neutron source. The result of a renectiviq'

measurementof thesamplesupermirrorshowsthat the

supermnorsinthepresentdeviceweremadewithgood
qualiW: aclearcritical regionandhigh renecUvity.

Moreover, thepolarizationofthetransmittedbeamfrom

thepresentdevice alsosllowsthatthereneCtivityofthe

supermirrorswashigh,evenatgc.Thepelfionnanceofthe

transmittedbeamthroughthepresentdevicewaswell

explainedbyamodelcalculation. Althoughthatofthe
reflectedbeamwaslesstllanthemodel calculation, the

perfbnnancecouldbeunderstoodusingthegeometrical

configurationof theexperimental set-up: therenected

beamwas more divergent and contaminated by

unpolarizedneutrons. The present device ismore

optimizedfbrthetransmttedbeamandthetransmitted

beamissuitablefbrpolanzation-requiredorcollimaUon-

controlledexperiments. AlUloughtherenectedbeamis

moredivergentandlesspolarized, itismoreintensethan

the transmittedbeam, therefbre, therenectedbeamis

suitablefbrintensity-requiredexperimentsifadeviceby

whichtheneutronbeamcanbeconvelgedisplacedjust

after therenectionbeamoutletofthepresentdevice.
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wherethefirsttennistheattenuationoftheintensityand

the second termis thecontaminationofunpolarized

neutrons. Inthefirst tenn、 thegeometrically-obtained

attenuationfilctor,4=(wI/L,)/(wo/Z,0),wasused,wherewo=

1.8cmandZ,0=59cmaretheoutletareaandthehalf

lengtllofthepresentdevice,respectively,wI=2.0cmisthe

apertureofthespinanalyzer, andZ,I =203cmis the

distancebetweentheCenterofthepresentdeviceandthe
inletofthespinanalyzer. Thesecondtennistllebeam




