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Wereporthereontheconstl-uctionofaneutronpolanzerbytheneutronopticsgroupat theUniversityofMissour】
ResearchReactoribruseinneutronmterfbrometryeXperiments. ThedeviceisbasedonUlepolalizationdependenceof
theneutronindexofrefractionmamagneticmediumandthearcsecondangularresolutionofBraggrenectionfoma

peribctsinglecrystalofsilicon.

KEYWORDS:poldrizedneutron,birefringence,Dorwinwidth,neutroninterferometry

A schematic drawing of the polarizer and the

interferometerisshownonFig.l.Thesempconsistsofa

nominallymonochromaticneutronbeamfromavertically

fbcusingPGmonochromator incidentonatwoblade
double-bounceneutronreflector. Thereflectoriscutfrom

aperfect singlecrystalofsilicon. ThecrystalBragg

renectsneutronsfromeachblade inturn, actingasa

double-clystalmonochromator,selectingonlyraysthatfall
withinarcsecondangularrangefromtheexactBragg

angle. Intransitbetweenthedouble-bouncerenectorand

thefburbladeskew-symmetricinte㎡erometer,theneutron

beampassesthroughaseriesofprism-shapedmagnetic

fieldsandundergoesbirefringence. Theneutronbeam

splits intotwoperfectlypolarizedbeamswithopposing

polarization.Thetwobeamstravelalongseparatedpathsa

fewarcsecondsapart. Theinterferometerdownstream,

alsocutfromaperfectsingleclystalsilicon,selectsoneof

thetwopelfecUypolarizedbeams. Theprinciplesofthe
devicecanbestbedescribedintermsofthemomenmm

spaceorAE-space,asshowninFig.2below.Thedetailswill

nowbeexplained.

1. Introduction

Anewneutronpolarizer isbeingconstmctedbythe

neutronoptics groupat theUniversityofMissouri
ResearchReactor (MURR) fbr polarized neutron

intelferometryexperimentS.Themethodweusetoproduce
polarizedneutrons isdiHerent fromtheconventional
methodswhich employ renections frommagnetized

clystalslikeFe304,Co92Feo8,theHeusleralloyCu2MnAl,

ormagneUcsupermirrors.1,2)Ourmethodissimilartothe
neutronoptical techniquehistoricallyusedintheVienna

neutroninterferometrygroupIssetupattheLL.3)
It iswell-knownthat inmagneticmediathedifferent

polarizationstatesoftheneutronexhibitbiremngence. If
wecombinetheangularseparationofthetwoneutron

polarizationstatesuponpassingthroughamagnetizediron
wedgewiththearcsecondangularresolutionoftheBragg
renectionfromaperfectsinglecrystalofsilicon,wehave

themeansbywhichtoselectaperfectlypolarizedneutron
beamfromanincidentunpolarizedbeam.Thispaperisa

progressreportontheimplementationofthisconcept.We
intendtofirstusethisdeviceinascalarAharonov-Bohm

experimentusinglongimdinallypolarizedneutrons.4)
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Fig. 1. Schematicdrawingofthepolarizer-skew-symmetricinterfbrometerassembly. Thedouble-bounceneutronreflectorselectsa
monochromaticbeamwitharc-secondangulardivergence. Thebeamundergoesbirefringencethroughaseriesofprism-shaped
magnetic6eldwhichleadstoanarcsecondangularseparationofthetwopolarizationstates. Theinterftrometerdownstreamthen
selectsoneofthetwoperftctlypolarizedbeams.Thedistancebetweentheprismandtheinterfbrometerisl75mm.
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2． I､heDouble-BounceRenector

andTheInterferometer

AsshowninFig.1,nominallymonochromaticneutrons
fromavemcally fbcusingpyrolyticgraphite (0002)

monochromatorareincidentupontheinnersurfaceoflhe
firstsiliconbladeofthepolarizingclystalandareBragg

renectedbythe(220)crystalplanes. Theperfectsingle
cWstal reflectiontakesathinsliceoutofthe incident
〃

neutronvolumein"space(Fig. 2(a)). Thethinsliceof
scatteringvolume consists ofneutronswithawide

selecUonofwavelengtlls,eachwithanappropriatenominal

incidentangle.Butfbreachwavelength,theperfectcIystal

rockingwidth、 calledtheDarwinwidth, isverynarrow

(Fig.2(b))ArenectivityprofilefbrrockingathickcIystal
acrosstheBr3ggreflectionatadefinitewavelengthis
showninFi9.3(a).Onlythosemonochromaticneutrons

thatfallwithintheDarwinwidthoftherenectivityprofile

arerenectedbythefirstblade.ThefilllDarwinwidthA先，

derivedfifomdynamicaldiHractiontheoIy, isgivenby5)

2/l2F220" (l)AeD=
〃〃sin28B

whereF220iStheStmcmrefactorfbrthe(220)renection,

VisthevolumeofthesiliconunitcellandeBistheBragg

angle Fori=235AeB=3772o, thecorresponding
Darwinwid山△eD=1･53arcseconds.
Theneutronsthatarerenectedbvthefirstbladearethen

ご

incidentupontheinnersulfaceofthesecondblade. Since
thetwobladesarecutfromthesamesingleclystalandstill

altachedtothesamebase, thecIystalplanes inthetwo

bladesarealignedperfectly. TheneutronsareBragg

renectedagainbythe(220)planesofthesecondblade,

whichbringstheneutronsbackparallel tothe incident
direction.Acalculationoftheintensitiesusingdynamical
diiTTactiontheorvshowsthat73%oftheneutronsrenected

〃

bvthefirstsiliconbladewillberenectedbvthesecond
プ ロ

blade.5)ThuS､acollimatedneutronbeamthatisparallelto
the incident beamemerges fromthedouble-bounce

renector.Rockingthedouble-bouncereflectoragainstthe
PGmonochromatorselectsdiHerentslicesoftheneutron

volumeink-space(Fig.2(c)).

ThetwoSmmthickbladesofthepolarizercIystalare

38mmapartwiththeirsurfacesparallel totheSi(220)

planes,andweremachinedfromasingle-clystal silicon

ingot｡ Thebladesremainattachedtothe12.7mmtllick

baseoftheingotsothatthecrystalplanesinonebladeare

pelfbctlyalignedtothecIystalplanesintheotherblade

(Fig.4). TheUlicknesschosenismuchlargerthanthe

PendellOsunglength, typicallyoftheorderofafewlensof

microns 6), guaranteeing tl,e total Bragg reflection
intensity.Aiterthemachining,therenectorwasetchedto
removethesulfaceworkdamage.
Theneutronbeamfromthedouble-bounce renector

eventually goes through the skew-symmetric

intelfbrometer(Fig.l).TheinteMerometerconsisIsofibur

bladescutoutofaperfectsinglesiliconclystal.Neutrons

undergoLauerenectionfromthe(220)clystal planes.

Similartothedouble-bouncerenector, theperfbcIsingle
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Fig.2. (a)Perfbct singlec,ystalreflectionofthedouble-bounce
reHectortakesasliceoutofthek-spacevolumeofneutronsfrom
thePG(0002)monochromator; (b) Perfbct singlecrystal rocks
againstaperfbctlymonochromaticbeam, therockingwidthisthe
Darwinwidth;(c)Rockingthedouble-bouncerenectoragainstthe
PG(0002)monochromatorandtheinterftrometer;(d)Birefringent
splittingoftheneutronk-spacevolumeby theprism-shaped
magnetic6eld. Rockingthedouble-bouncecrystal allows the

interftrometertoselecteitherspin-uporspin-downneutrons.
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Fig. 3.Renectivitypro61eof(a)Braggrenectionand(b)Laue
renectionfromathickperftctsinglecrystalslab.TheangleDqis
inunitsofDarwinwidth,DqD,measured6omtheBraggangle.
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Fig.4. Double-bouncecrystalmountedonaprecisionrotary
table． A:Double-bouncecrystal, showingthetwoblades
attachedtothesamebase, thecIystal sits inacradle;B:Tilt
stagetooptimizethetiltofthecrystal;C:Coarserota'ystage
torotatetheclystal tothenominalBraggconditionandD:
0.05arcsecsteprotaryStagefbraligningthedouble-bounCe
crvstalwiththeinterftrometcr.
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crystal silicon interferometer only accepts incoming
neutronSthatfallMthinathinsliceink-space,withthe
rockingwidthfbrtheLaue(220)reneCtionequalto2arc
seconds(Fig.3(b)). Foranyneutronfromtherenectorto

beacceptedbytheinteIferometer､ the(220)c'ystalplanes

inthedouble-bouncerenectormustbealignedwiththe

intelferometer(220)cIystalplanestowithinafractionof

anarcsecond(Fig.2(c)),AfinerotalystagewithO.05arc

secondstepsizeisconstructedfbrthispulpose.

Finally, thedouble-bouncereflectorismountedonatilt

stagefbroptimizingthetilt,fbllowingbyacoarserotary

stageunderneathtorotatemerenectortothenominal

Braggangle. Thefinerotarystageislocatedunderthe

coarserotalystage. Aphotographofthedouble-bounce

crystalmountedonthemechanicalassembl)' isshownin
Fig.4.

Tomaintainthestabilityofthe renections against

misalignmentduetothennalnuctuationsandvibrations,
therenector-interferometerassemblvselectsneutronsnear

ヴ

thepeakmaximumofthe incidentbeamfromlhePG

monochromator・ Arockingcun'eandatiltscanat the

optimumalignment isshowninFi9. 5. Thefilll-width-

halfmaximumisabout2arcseconds, confirmingthe
calculationsusingthedynamicaldiffractiontheoly.
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Fig.5. (a)Rockingcuweand(b)Tiltscanfbrthedouble-bounce
reHector-skew-symmetricinterfbrometer.TheRockingcurveis
aconvolutionofthereflectorBraggrenectionandthe
interfbrometerLauerenection(FWHM～Zarcseconds).

saturatedFe-3%Si60oprismcarlyingasamrationfieldof

22kGaussandtwo60｡prism-shapedmagnetswithair-gap
fieldsequal to2kGaussand3kGauss, respectively, are
positionedsymmetricallyalongthebeampath(Fig. 1).

The60o ironwedgewasmachinedbytheElecmcal
DischargeMachining(EDM)processfromacylindrical
iron-3%siliconsingleclystal.Asingleclystal isuseddue
to the large attenuation fromBragg scattering of

polyclystallineiron. Aqualitycheckoftheclystalusing
neutrondiffifactionatthe(200)reflectionrevealedthree

''mosaic'! cIystaldomainswithina2orange. Themulti-
domainmosaic stmcturemaV introduce a sm211

contaminationinthepolarizationofthetwotransmitted

neutronbeams.Withthepnsmmagnetizedalongits[001]

easyaxis, theneutronbeampassessymmetricallythrough
thepnsm, inadirectionwhichisafewdegreesawayfrom
the llOOI clystalaxis. Suchageometryavoidsback
scatteringaswellasotherpossibleBraggrenections. The
prismwasetChedin50%(volume)HNO3andpolishedto

removesurfacedamagethatoccurredduringmachining.
ThetransmissionofneutronsthroughthesinglecIystal
ironwedge is75%ascomparedto25%fbrasimilar
polycrystallineironwedge.

Asindicatedabove, theironprismismagnetizedalong
itsprismaxis,orthe[OOlleasyaxis. Toproduceaclean
polarizedbeam, it iscrucial tomagneUcallysaturatethe
ironprism.Basedonthelengthtodiameterratioof1.5fbr
thecylindricalsingleclystal ironfromwhichwemachine

theprism,weestimatedthata7kGaussappliedfieldis
neededtosaturatetheiron.TworectangularNd2Fe,4B
magnetswithenergyproductequal to35MGOe, residual

inductionofllkGaussandasuIfacefielduptoSkGauss
areusedastllepolesatthetwoendsoftheironprism. A
sofi ironyoke isusedtocarlythereturnfieldofthe

magnets. Substantial etchingandpolishinghavebeen
done toreduce thepossibilityofsurfacedepolanzing
effectsoftheprism. PassingalOO%polarizedneutron
beamthroughthemagnetized iron,wefbundthal lhe

neutronbeamremained93%polarized,indicatingthatthe
ironprismislargelysaturated.Thefringingfieldfromthe
magnetpolefacesoutsidethetriangularshapedprismisin
thesamedirectionasthemagnetizationandreducesIhe
relativeindexofrefractionbynomorethan5%､therefbreit
doesnotposeaproblem.Thcnuclearinteractionbetween

3｡Birefringence

Between the renector and the interferometer, the

neutronspassthroughaseriesofprism-shapedmagnetic

fIelds (Fig.l). Theinteractionpotentialbetweenthe

neutronmagneticmomentl'LandthemagneticfieldBis

E=-浬･B. (2)

Thisleadstobirefringence,apolarizationdependentindex

ofrefractiongivenby

〃ゞ＝]干竺寺＝1千s （3）
my＆

withthe+signlabelingthespin-upneutronswiththe

magnetiCmomentparallel tothefieldandthe-signfbr
neutronswithoppositespin,wheremistheneutronmass

andv=1.68mm/jLsecfbrJF2.35Aneutrons.Whenpassing
throughaprism,aneutronbeamisdenectedinthesame

wayligiltisdenectedbyanopticalprismexceptthat, the
refractiveindexibrneutronsisingeneral lessthanone,

andtheneutronbeamtendstobendtowardstheapexangle.
Theangleofthedeviationfromtheincidentdirectionis

4=j'(:) (4)
where(F60oistheprismapexangle. Thustheneutron

beamundergoesbirefringencethroughtheprism-shaped
magneticfieldandsplitsintotwoperfectlypolarizedbeam
withopposingpolarization(Fig. 2(d))． Thetwobeams

travelalongdifferentpathsafewarcsecondsapart. For

/l=2.35A(1'=1.68mm/ILscc)neutronspassingthrougha
Q=60omagneticiield, tlleseparationoftlletwobeams

amountsto&-a=0.097arcsec/kGauss. Afieldstrength
greaterthan20kGaussisrequiredtoproducea2arcsecond
separation,whichisthecombinedrockingwidthofthe
reflector-interferometerassemblv.

Toachievethe2arcsecondseparation,amagnetically
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theneutronand the ironnuclei introduces anextra

deviationof1.78arcsecondstobothpolarizedbeamsbut

hasnoeffectonUleseparationbetweenthetwo. As

describedabove, twosetsof60oprism-shapedNd2Fe,4B

magnetsproduce air-gapmagneUc fieldswith field
strengtlls 3kGauss and 2kGauss、 respeclively, which
filrtherseparatesthetwopolarizedbeams. Thissetupis

equivalenttoa60｡,27kGaussfieldwhicllSeparatesthetwo

polarizedbeamsby2.5arcseconds(Fig.6).

IllustratedinFig.2(d)isthebiremngentsplittingofthe

scatteringvolumeink-spacefbrthespin-upandspin-down

neutrons.Withtheintelferometerdownstreambeingfixed

withintherangeofoptimumorientations、 rockingthe

double-bouncereflectoroverlapsthereflectorscattering

volume, i､e.、 thetwopolarizedbeamscattering，'olumes、

withdiHerentpaltsoftheneutronk-spacevolumefromthe

PGmonoChromator.Eventually,oneofthepolarizedbeam

scatteringvolumematchesthatoftheinterferometeranda

polarized neutron beam is renected through the

interferometer. Switchingbetweenthespin-upandthe

spin-downneutronscanbedonebyrotatingthereflectorto

theappropriateangle. Aspin-nipperisinstalledbetween

thepdsmassemblyandtheinterferometertorotatethe

neutronspintothelongimdinaldirecUonfbrthescalar

Aharonov-Bohmexperiment. Another spin-nipper

betweentheinterferometerandaCQ92Feo8analyzerallows

fbrpolarizationanalysis.
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Fig.6.Double-bouncerockingcurve.CZcountsshowthe
splittingofthetwobeamswithoppositepolarization.An
analyserintheC3beamdetectsonlythespin-upneutrons,
leavingonlythesecondofthetwopeaks.
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Arockingcurveofthedouble-bouncereflectorisshown
inFi9.6. TheC2detectordetectstheneutrOnbeamthat

goesthroughtheinterferometer.Twopeaksaredetectedby

C2,showingthebirefringentsplittingoftheneutronbeam.

AmagneticallysamratedCO92Fe.08clystalrenectsonlythe

spin-upneutrons intheC3beamintoanotherdetector,
leadingtothedisappearingofthefirstofthetwopeaksin
theanalyzercounts. BycomparingUleintensitieswitha

depolarizingironshimplacedfirstbefbreandthenafterthe
prismassembly,wedetenmne thepolarizationtobe
99.3％･

Aninterferogramusingthespin-upneutronsisshownin

Fig.7. The65%contrastofC3intelfbrogramshowsthat

thepolarizingdevicecanbeusedinneutroninterferometry

expenments. Alignmentandphasestabilityoverseveral
dayshavebeendemonstrated.
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Fig.7． Interfbrogramusingthespin-uppolarizedneutron
beams.C3contrastis65%.
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5.CharacteristicsofthePolarizer

Thecharacteristicsofthispolarizerare: (1)Switching

fromapolarizedbeamtoanunpolalizedbeambyremoving

theprismsandrotatingthereflector;(2)Selectingspin-up

or spin-downneutronsbyrotating thedouble-bounce

renector; (3)Insensitivitytomisalignmentoftheprisms;
(4)Thebeamfromthemonochromatorandthebeamfrom

therenectorareparallel;(5)Occupiesmuchlessspacethan

a supermirrorpolarizer; (6) Produces high intensity

polarizedbeamfbrneutroninterferometlyexperimentsas

comparedtousinghiglllyabsorbingCQ92Feo8cIystals.
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