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Smallcapillaries(～101lm)canenicientlybendUlermalandcoldneutronbeamsbymeansofmultiplerenections.

Capillaryneutronoptics,assembledfomanalTayofcapillalyfibers,havemanyfunctionsinbeamcontrolmcluding
focusmg,collimatmg,bending,andsplittmg.ThedesignofsuchopticsisnexibleenoughtoachievediflErentfunctionsm

asingleunit. Forexample,aneutrollbender/focuser,whichwearecuITentlyconstl-uctmg,bendsacoldneutronbeamOut

oftheline-ofsighthomthesourcetoreducethebackground,andthenibcusesthebeamtoasubmllimeterspotwith

geatly increasedneutroncurTentdensity. Inthispaper,wereport thetechnical specificationsoftheneutron

bender/focuser. Otheropticconngurationsfbrvariousapplicationsarediscussed,

KEYWORDS: neutronoptics,polycopil loryoptics,copi l loryoptics,neutronfocusing,neutron

bender,neutronspl itter, neutronbender/focuser.

neutronbenderyfbcuserfbrthecoldneutronPGAAstation

atMST. In this paper,we reponthe technical

specificaUonsoftheneutronbenderyfbcuseranddiscuss

opticdesignsfbradditionalapplicaUons.

1．Introduction

Liketheneutronguidescommonlyusedat research

reactorfilcilities, capillalyneutronopticsarerenective

opticsthattransportthennalandcoldneutronsbymeansof

mulUpletotalexternal renections.'-8) However,capillaly
optic transport theneutronsusingsmall (～ 10 lLm)

diametercapillalychannels. Aneutronbeamcanbe

eHectivelydenectedwithaculvedneutronguide ifthe

diameteroftheguideJ､ ismuchsmallerthanitsradiusof
へ

curvatureR(R>2fj/44whereaisthecriticalangleoftotal

extemalrenection). Theadvantageofthesmallchannel

diametersincapillalyopticsisthatllleneutronbeamcan

beeHicientlyguidethroughamuchsmaller radiusof

curvature(～lm)comparedtothat(～うkm)fbrthewide(~

50mm)conventionalneutronguides. Multifiberneutron

optics,whichconsistoflargearraysofcun'edpolycapillaly

fIbers, havemanyfimctions inbeamcontrol including

fbcusing,collimating,bending,andSplilting.

Previouslyi amultifibercapillaryfbcusingoptic8)was
designedandassembledbyX-RayOpticalSystems､Inc.fbr

usewiththePrompt-GammaActivationAnalysis(PGAA)
instrumentat theU.S.National lnstituteofScienceand

Tbchnology(NIST). Thisopticcollectsacoldneutron

beamfifoma58Nicoatedguide(50×45mm2),andfbcuses
itontoaO.53mmFWInispot・ Theaveragegainin

neutroncurrentdensitywithintheareadefinedbythe

FWImイis80. Thesignificantgaininneutroncurrent

densityandsmallspotsizeachievedusingthemultifiber

optic clearlydemonstrates the considerablepotential

benefit toneutronabsomtion teclmiques. However,

improvementsbeyond theexistingdesignofneutron

fbcusingopticsarepossible.

Oneproblemassociatedwithexistingopticsisthatlhe
fbcusofthelens liesalongthesameaxisastheneulron

guide.Hence,boththefbcusandlhesurroundingareaare

illuminatedbyanyunguidedneutron fieldstreaming
directlythroughtheoptic. Thebackgroundnearthefbcus

canbesignificant, butmaybeavoidedbydirectingthe

fibersofthefbcusingopticsothallheibcusiswelloutSide

llledirectpathofthebeam・Wearcconstructingsucha

2.Expcctedperformanceoftheneutmnbender/fOcuser

TheNISTneutronbendeIfbcuserisdesignedtocollecta

50×45mm2coldneutronbeamexitingfroma58Nicoated
gllide・ Thewavelengthdistributionoftheincidentneutron

beamisapproximatedusingaMaxwelliandistributionthat

exhibitsa0．49nmcharacteristicwavelength. Thereisa

short-wavelengthcutoHinthespectrumat0.4nmduetoa

belyllium-bismuthfiltercooledto77Kplacedupstream.

ThelensdesignisopUmzedbycomputerSimulationsto
maximizetheneutronnuxwithinanarea lmmin

diameter(FWI⑯【)at thefbcus. Themost important
fbatureoftheopticisthatthefbcusoccurs22mmoutside
thepathofthedirectbeam.
ThesimulationsuseaMb"reCQr/omethodtotracea

large number ofneutron trajectories, so that tlle

distribulionofinitialconditionscancloselyrepresentthe
actualexperimentalconditions. Theneutronwavelengtlls

are randomly selectedaccording to thewavelength
diStnbuUonoftheinCidentbeam・ Duringthepassageofa

neutron throughacapillalyi each incident angleof

renectioniscalculated. Thereby) theprobabilitythatthe
neutronisacmallytransmttedcanbeobtainedfromthe

product ofreflectionprobabilities fbr each renection.

Individualrenectionprobabilitiesarecalculatedaccording
totheFresnelequationfbrtherenectioncoe価cient,using
thecomplex indexofrefractionfbr theglass、 The
simulationsagreewellwiththeexperimentSbothinthe
IransmissioneHiciencyandexitdivergencefbrneutrons
throughStraightorcuwedcapillaries5).
Figurel showSIheschematicdrawingoftheneutron
bender/ibcuser. Theopticconsistsof3997polycapillary
fibers,eachl90mminlength. Eachfiberhasahexagonal
cross section,measuringO.59mmbetweenopposite

corners､andcontainsl657capillalychannelsthatare9.5

ILmindiameter. ThepolycapillalyfibersarcmanlliYIctured

fromboron-iieelead-silicateglasS(density3.269/Cm3).
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densityonthefbcalplane. Theresultsarepresentedin
Figure2. ThegaininFigure2isdefinedastheratioofthc

neutroncurrentdensityat thefbcalplaneoftheopUc

comparedtothatofthedirectbeamattheentranceplane，

Figure2ashowsthattheintensityprofileonthefbcalplane

hasaGaussianshapeMthFWInlofO.65mm. Figure2b

showsthesimulatedinにnsitygainaveragedoverareasof

diHerentdiameters・Theexpectedintensitygainoverthe
0.65mmdiameterareais30.

Thegreatestadvantageoftheneutronbender/fbcuser

overtheexistingfbcusingopticisthatthefbcalspot is

shihedawayfromthedirectbeam. Thiswillsignificantly

reducethebackgroundnearthefbcal spot, reSultingin

bettercontrastfbrelementalmappingandimprovedsignal

tonoiseresponsefbrPGAAdeterminations. Fulthennore,

thedisplacementofUlefbcal spotawayfromtheupper
guideallowslargersamplestobemeasuredandreducesthe

backgroundoriginatingfromthematerial intheupper
guide. Thelongerfbcaldistancealsomakesfbreasier

shieldingofbackgroundsignalsgeneratedfromneutrons

scatteredorabsorbedwithintheopUc.
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Figurel. Aschematicoftheneutronbende,/fbcuserbeing
constructedfbrPGAAappli(､月↑inn

▲瓜

釦

■用■

０
”
加

４

仁
而
の
登
研
亡
①
芒
一

10

■■

凸■■■■■■ ■■■ぬ一

■15

(a)

10 ５０５０

ｍｍ

０
，
１

０
ＳエＸ

５０

釦
⑩
犯
加
０

匡
両
。
×
。
正
仁
ｐ
二
コ
①
之

3.OtheropticconfIgurations

Capillariesprovideanuniqueandenectivewayof
controllingthennalandcoldneutronbeams. Thedesign
ofcapillaryopticsisnexibleenoughtoallowcustomized

outputbeamconfigurations fbrapplicationsother than
PGAA. Followingaresomeexamples.

・Focusingneutronsdirectlyfiomasource. Theneutron

fbcusingopticSdescribedabovearedesignedwithparallel

capillariesat theinput fbrthemosteHectivecaptureof
neutronsfromtheneutronguide. However､ tocapture
neutronsdirectlvfromthesource、 theorientationsofthe

capillariesattheinputcanbemodifiedslighUytopointata

coInmonareaofmaximumbrighmessinthesource. This

configuration、 illustratedinFigure3、 allowstheuseof
small sourceapertures (afewmllimeters indiameters)

"thoutreducingthetotaloutputnuxfromtheoptic. This
will SignifiCantly reduce baCkground around the

instrument. Furthennore, suchanopticwoulddelivera
fbcusedthennalorcoldneutronbeam,substantiallvfiltered

ご

ofgammaraysandfastneutronsoriginatingfromthe
neutrOnSourCe.

・Neutroncollimationandanti-scatteringdevices fbr

neutronradiography9). ThespaUalresolutionofneutron
radiographydependsonthecollimaUonoftheprimaly
beam. Acapillarybundlecancollimateaneutronbeam

wiulin±4overashondistance・ Forglass,4=7fl,wllere

X=lOmrad/nm. Aparallelcapillalybundle,madeof

borosilicateglassfbrhigllneutronabsorptioncrosssection

isplacedbetweenthesampleandimagingdevice. The

optlccanbeusedasananti-scatteringdevicewithahigh
selectivilyratiodefinedaStheratioofthetransmission

eHiciencyofprimalyneutronstothatofscatteredneutrons.

Thisisaccomplishedbecausethecapillaryopticwillonly

transmitscatteredneutronswithinavelysmallsolidangle

ofJT42. Figure4illustratesIheuseofcapillalyopticsin
neutronradiographyfbr!(Bimaging. Likewise, itcanbe
usedtoimagellydrogenousregions,suchascorrosion, ina

materialororganicinclusions.
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Figure2.Simulatedintensitydistribution(a)normalizedtothe
incidentbeam,and (b)thegains inneutronfluxsummed
fromareasofdifrtrentdiametersatthefbcus.
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Figure3. Aschematicofacapilla,yopticusedtofbcus
neutronsdirectlyffomasourceusingasmallsourceaperture.

Thepolycapillaryfibersareaccuratelyguidedbythesix

positioningmeshes. Thegeometryofeachfiberintheop-

ticisdeterminedbyasplinefimctiondefInedbytheplace-

mentofthefiberinthesixmeshes.Theopticisdesigned

suchthatallthefiberslayparalleltoeachotherattheen-

tranceofthelens. Atexit,thefibersareclosepackedand

eachisdirectedtowardthefbcus, 100mmaway. Thecen-

tralaxisoftheopticiscurvedtoadenectionangleof9､9｡>

whichresultsinthedisplacementofthefbcalspot22mm

belowthefieldofthedirectbeam. Thelenshasarectangu-
larcrosssectionwithdimensionsof50×45mm2aten-

2

tranceand33.3×30mm｡atexit. Theoutputbeamhasa

filllconvergenceangleofl9ointhehorizontaldirection,
2ndl7ointheverticaldirection.

Fortheneutronbender/ibcuserdescrlbedabove,wellavc

simlllatedtheexpecteddistributionoftheneutroncurrent
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FASTNEUrRON

GAMMARAYDUMP alongtheguideaswell. Thiswouldcreatepseudoend
Stations. Or,areactorbeamportcouldbebihlrcated

［ 4.Summary

Although a relatively recent innovation, capillaly

neutronopticoHermuchpotential fbr improving the

utilizationofneutronsources. Applicationsofneutron

fbcusingusingmultifiberandmonolithiccapillalyoptics

areappeanng inthe scientific literamre. Wehave

presentedthedescljptionofanewlensdevelopedto

improvethesignal-to.noiseratioinPGAAmeasuremenls

and to enable larger samples to be interrogated.

Furthennore, additional applications fbr mulUfiber

capillaIyopticsaresuggestedtowardthegreaterutilization
oflimitedneutl･o、resources．
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Figure4. Aschematicshowingtheuseofacapillaryopticsfbr
neutronradiographyofloBimaging.
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Figure5・ Aschematicshowingtheexperimentalarrangement
ofafbcusingguidesmall-angleneutronscatteringexperiment.
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Figure6. Aschematicfbraneutronbeamsplitterwhichcreates
bothafbcusingbeamandacollimatedbeamfromasingle
mput･

oSmall-angleneutronscattering(SANS). Ithasbeen

suggestedthatacapillalyfbcusingopticwouldbeusefill

whencoupledwithahighresolutionposition-sensitive

detectorfbrSANS'0). Suchasystem, showninFigure5,
willdrasUCallyreduceboththecostandsizeofaSANS

instrument. TheminimumQ-valuedetectablewiththe
svstemmavbeabout6×10-3nm-1 .

．Beamsplitting． WithaSinglemultifiberoplic,
capillalyfiberscanbearrangedinsuchawaythatmultiple
groupsoffibersarebent intodinerentdirectionstoCreate

multipleneutronbeamstations. Thepropertiesofeacll

outputbeamcanbeoptimzedfbritsapplication. Figure6
showsaneutronbeamsplitterwhichcreatesafbcusing
beamandacollimatedbeam. Suchalensneedsnotoccur

at theendofaneutronguide,butcouldbeimplemented




