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Ahigh-qualitytoroidalmilTorhasbeenmstalledonthen､Jl3spin-echospectrometeratUleLLGrenoblanle4m-lOng
mirr6rc6nsisisofeightidenticalelements.nlemiITorsurfacesarehighlypolishedzerodursubstratescoatedwitha"Cu
layerandprotectedbyathinlayerofaluminium. TTle imagingpropertiesofthemilTorweremeasuredwitha
two-dmensionalposition-sensitivedetectorwithaspatialresolutionof1．5mm. Fora2mm-diameterentrancesource

aperture,anoise-fo-peakintensityratioof5xl0.3wasa"evedfbr9>10.3A~'rheiilll-widthathalfmaximumofthe
f6cusedneutronbeamisoftheorderof2-4xlO4A~! Experimental resultsarecomparedwiththeresultsof
Monte-Carloray-tracingsmulations.
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§1. Introduction

Thespin-echospectrometerlN15,underconstnlctionat

then_jL, hasbeendesigned ioprovidehigherenergy

resolution,andsmallervaluesofthewavevectortransferq,

thanthoseofexistingspin-echoinstmments(suchasthe

INllspectrometeratthelLL).InordertOattainthelow

q-range (10･3AI) typical of Small-angle scattering
spectrometers,withareasonableinstrument lengthand
nux,ithasbeenconstructedwithafbcusingoption. Inthis

configuration, neutronsaretotallyrenectedbya large

toroidalmrrorwhichproducesanimageofthesource

apertureintheplaneofanareadetector.

Focusingsmall-anglescattering(SANS) instmments

werefirstproposedmorethanthirtyyearsago. ')Anumber
ofdetaileddiscussionsoftheadvantagesofaneutron

fbcusing spectrometer, comparedwithaconventional

pinholecollimationspectrometer;aregiveninreferences2
and3. Theconstructionofsuchinstnlmentswasnot

undertakenuntil recentlybecausemirrorsofsunicient

qualitywerenotavailablefbrneutrons. Focusingmrrors

relyontotalrenection; therefbresmallsIopeerrorsaswell

assmall surfaceroughnessover largesurinceareasare

requiredfbrgoodimaging. Inaddition, thereflecting
Sulfacemusthavethehighestpossiblecriticalangle.These

parameters must be combined fbr successfill

implementationofcurvedmrrorsonneutronbeamlines.

A11analysisofdinerent renectingsurfaces fbrneutron

beamfbcusingisgiveninref4・ Thebestimagequality
wasobtainedwitlla65Cu-coatedsurfaceratherthanwitha

Ni-coatedsurface(commonlyusedfbrneutrons)

Thepresentpaper includesabriefdescriptionofthe

toroidalmirrorrecentlyinstalledonIN15.Theimaging

propertiesofthemirrorweretestedwillloutthespin-echo

option. Theaimofthesepreliminalytestswastomeasure

tllecontrastratio, 1he9-resolution,andlhesizeandquality

oftheimagefbrdinerent sourceaperturesandneu[ron

wavelengths. Theexperimentalresultsarecomparedwith

Monte-Carloray-tracingsimulations.

§2. TbroidalfocusingmirroronlN15
Aschematicdiagramofthegeometlyof the test

configuration installed on the lN15 spectrometer

accommodatingatoroidal fbcusingmirror isshownin

Fi9.l.Thesourceapertureandthedetectorareplacedat

thefbciofthemirror. Theglancingangleatthecentreof

themirrorisl.5｡. Forthepreliminarytestsofthemirrora

small (80mm-diameter)position-sensitivedetectorwas

usedwithaspatialresolutionofl.5mm.

Themirror(Zeiss,Oberkochen,Gennany)consistsof

eiglltidenticalelements(500mmxl70mm),givingita

total lengthof4m. Thein-planeradiusofcurvatureis

408.75mandthesagittalradiusis280mm. Theslope

error is less than 2.5x10.3rad (rms.) along the
longitudinalaxisandlessthanSxl0.3rad(rms.)alongthe
perpendicularaxisofthemirror. Mirror surfacesare

highlypolishedzerodur(alowthemlalexpansionglass
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Fig.1.Testcon6gurationwithtoroidalmirrorhalfWaybetween
theentranceapertureandthedetector.
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shownlhat thcibrmerproducespoorer imagesibr long

mirrorlengths(>2m)andsmallsourcediaphragms.5)
Thequalityofthe imagedegradessignificantlywith

increasingwavelengthduetothegravitational fallofthe

longerwavelengthneulrons. Thegravitational fa11, A,
dependsontheneutronwavelengthandthenightdistance.

O

A22Aneutron,fbrexample, fallsaverticaldistanceof

about l8mminadistanceofl0.7m. Afterllittingthe

Imrror, theneutronbeamwill fall the sameaverage

distancebythetime it reaches thefbcal planeat the
detector. Inordertocompensatefbrthesubstantialimage
deteriorationduetothegravitationalfa11oftheneutrons､ lt

hasbeensuggestedthat thiseHectmaybereducedby

loweringtllesourceapertureadistanceAbelowthefbcal

point.4) Figures3band3dshowmeimagesobtainedfbr
ﾉ1=175and22Arespectivelywiththesourcediaphraglll
loweredllmmfbrl=175Aandl8mmfbrl=22A.

Weseeanimportantimprovementintheimagequalityfbr

bothwavelengths. Theimprovement､whichisespecially

significantinthehorizontalplane,occursbecauselowering

thesource､asdescnbedabove,causesneutronstostrikethe

1mrroratanglessucllthattheyappeartohavecomefrom

pointsmuchcIosertoitsfbcus.Theremainingdistortionin

theverticaldirectionisduetotheneutronwavelength
distribution.

Aray-tracingprogramhasbeendevelopedtoestimate

theimagingpropertiesofthetoroidalmirrorasaneutron

fbcusingdeviceandtoevaluateeHectsdue tomean

wavelength, wavelengtll distribution, andgeometrical

factors, suchasmirrorlength. Detailsofthesimulation

pl･ogramarepresentedinreference5. It isinstructiveto

comparetheSimulatedimages inFigs. 4a-dwiththe

experimental results inFigs. 3a-d. Theshapesofthe

experimentallymeasuredimagesandthesimlllatedimages

arenotexactlyidentical fbrbotllwavelengthswiththe

sourceapertureatthefbcus. Thisisbecausethemirrors

wereopticallyadjustedsoas toachieveabetter than

toroidalgeometly. However､ it isgratifyingtorecover

similarimagesnarrowerinUlehorizontaldirectionthanin
theverticaldirectionwhenthesourceisloweredbelowthe

fbcustocompensatefbrtheeHectofgravity.

Neutronintensityprofilesofthefbcusedbeaminthe

horizontaldirectionareshowninFigs. 5aandSbibr

ﾉ1=175Aandﾉl=22Arespectively Foragiven
wavelength, the intensityprofileswithandwithout a

verticalshifiofthesourcediaphragmarecompared. The

average count rate is 4000 neutronS per SeCond

(ﾉ1=175A)andlOOOneutronspersecond(ﾉ1=22A)
Thevaluesofthehlll-widthathalfmaximum(FWHM,

rlﾉ2)ofthefbcusedneutronbeam, thenoise-to-peakratio

(contrastratio),andtheqresolutioninthehorizontaland

verticaldirectionsaregiveninTHblelfbrbothwavelengths

andfbrbothpositionsofthesourcediaphragm. The

noise-to-peakratioismeasuredatadistance2rl/2from

thepeakmaximumand (heqresollltion isgivenby

的＝(2汀/1)x(r,/2/Z,d)whereZ,dis thedistanCefromthe
mirrorlotlledetector. AIsoincludedinthelablearellle

valuesofthecontrastratioal9-10~3A~ITllesevaluesare
independenlofthedirection
TheFWInイoflllefbcusedbcaminthehorizontal
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Fig.2. Photographsofthefbcusedimagesofalmmdiameter
lightsource: (a)extremeleftmirror,closeSt tothesource
aperture,(b)acentralmirror,(c)extremerightmirror,and(d)
alleightmirrors.

ceramc)coatedwitha65Culayerprotectedbyathinlayer
ofaluminiumThesurfaceroughnessaitercoating(MIko

TOPO2Dmeasurements)islesSthan3Anns.Theheight
oftheusefillrenecUngsurfaceisl50mm.Themrroris

f:sf蝋辮淵:蹴闘淵淵蹴淵l5

thelatterarefixedonasingleAIsupport. Theentire
mrrorensembleisinanevacuatedmbe. Theexitand

entranceofthetubearelOmmthickglasswindowswitha
diameterofl50mm.

Themirrorswerealignedusinga lmmdiameter

halogen(diverging)lightsourceplacedatafbcusandthe

imagewasobselvedonascreenplacedattheotherfbcus.
Eachmirrorwas individuallyaligned, startingwiththe

central mirrors、 and adjuSted So that the images

supelposed.Theindividualimagesfromthreemirrors(the
extremelefimirror,closesttothesource,acentralmirror

andtheextremenghtmirror),andtlleimageobtainedwith

alleightmirrors,areshownbelowinFig.2. Theimages

areviewedlookingtowardsthemirror. Thesizeofthe

imageobtainedwithalleightmirrors isapproximately

4mmhigll,8mmwide.

§3.ReSultSandDiSCuSSiOn

Figs.3aand3cshowthefbcusedimagesofaneutron

beam fbr JI=17.5 and 22A respectively All
measurementsweremadewitll aneutronwavelength

distributionofl5%(filll-widthathalfmaximum). The

2mmdiametercircularsourceapertureisplacedat the

fbcalpointofthetoroidalmirror(10.7mfromthecentreof

themirror). Theimagesareviewcdlookingtowardsille

mirror. Theshapeofthcimage isasymmetricatboth

wavelengths. SuchadistortioniSattributedmainlytotlle

gravitational fall of the neutrons and to the largc

distributionofwavelengths. Comaduetothegreat length

ofthemirrorandalignment errorsalsocontribute to

imperfect imagingwithatoroidalmirror. Athougll lhe

toroidal mirror geometly closely approximates an

equivalentellipsoidalmirror,ray-tracingsimulationshave
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Fig.3.Contourplot､linearscale)ofthefbcusedneutronbeamfbrasourcediaphragmdiameterof2mm: (a)'l=17.5A, source

diaphragmat［hefbcusoftheipirror;(b)/L=175A,sourcediaphragmllmmbelowthefbcus;(c)/l=22Asourcediaphragmat(he
fbcusofthemirror;(d)1=22A,sourcediaphragml8mmbelowthefbcus.Thesamescaleappliestoallplots.Thecrosshairsindicate
thepositionofthefbcus.

(a) (b) (c) (d)
’｣、 一

’

Fig.4.Simulatedimagesofalbcusedneufronbeamwitha2mm.diametersourceaperture: (a)1=175A,soureediaphragmatthefbcul
ofthenlirror;(b)JI=17.5A,sourcediaphragmllmmbelowthefbcus;(c)Jl=22A,sourcediaphragmatthefbcusofthemirror; (d)
jl=22A,sourcediaphragml8mmbelowthefbcus. Thepositionofthesourceatthefbcus is indicatedin(a)and(c).
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Fig.5. Neutronintensitypro61esinthehorizontaldiyectionfbr(a)/l=17.5Aand(b)/l=2ZAThehjll linescorrespondtoFigs.3a
and3candthedottedlinescorrespondtoFigs. 3band3d.
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Tablel.ValuesoftheFWHM,theqresolution(69),andthecontrastratio,fbrl=17.5Aand/l=22AwithaZmm-diametersource

aperturepositionedatthefbcus(z=0)andadistancez=Abelowthefbcus.

1=175A 1=22ACharaCteristicsofthe

fbcusedneutronbeam z=0 z=-l1mm z=0 z=-18mm

FWHM(r,/2)(nun)
Horizontaldirection 10.5 4.5 15．5 4．5

Wrticaldirection 7．5 60 10.0 10.0

a7(A')Horizontal
direction ４
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０
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ｌ
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５
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２
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ｌ

ｘ
ｘ
ｌ
７
４
２

４
４
０
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ｌ

ｘ
Ｘ

２
７

１
２Wrticaldirection

Contrastratio

(at2r'ﾉ2)
Horizontaldirection

2．5xlO-4

(ati21mm)

6．0xlO-4

(atzt9mm)

5,0X10-4

(at士31mm)

1.0xlO-3

(ati9mm)

6.0xlO-4

(atil5mm)

5.5xlO-4

(at士12mm)

2.0XlO~4

(at士20mm)

5.0xlO-4

(ati20'nm)
Wrticaldirection

Contrastratioat

9-10-3A-! lXlO-4 5xlO･5 4xlO-4 lXlO-4

thatwithahighqualitymirrorsuIface,witlllessthan3A
nnsmicro-roughness,contrastratiosaslowas5xlO-5may
beachievedfbr9-10~3AIWestillhavetoperfbrma
detailedanalysisoftheeHEctofthewavelengthresolution
andoftheintensitygainthatisachievedwiththetoroidal

fbcusingmirr･or.Wehopetocouplethefbcusingoption
withthespin-echotechniqueinthenearfilture.

direction is substantially smallerwhen the source

diaphragmispositionedbelowthefbcus(Figs. 5aandb,

Thblel)． However,withthesourceinthiSpositionand

dependingonthewavelength, itcanbeuptotwotimes

lalgerintheverticaldirection. ThismaybeattlTbutedto

theneutronwavelengthresolution.

TllecontrastraUoat2r,/2dependsonthedirectionfbr

bothsourcepositions.Athigher9values(9>5xlO-4A-
'), thecontrastratioisafactoroffburorfivetimesbetter
whenthesourcediaphragmisloweredadistanceAbelow

thefbcus lnfact, inthisposition, fbr/l=175A, the
contrast ratioisoftheorderof5xlO~5inboth the

horizontalandverticaldirectionsfbr9-L6xlO3A.l
TheintensiWprofileshowninFig5asuggeststhat the

contrastratiomaybebetteratevenlligher9values. For
○

/l=22A, itseemsthatthebestcontrastratioisalread)'

achievedat9-10~3A~lThisiSagainduetothepoorer
imagequalitywith15%wavelengthresolution.Thevalues

givenin'Inblelareofthesameorderofmagnitudeasthose

obtainedinrecentinvestigalionsofflatsamplefbcusing
mirrors4) andaremucllbetter thanthoseobtained in

previoustestsofcurvedmirrorswhichwerehamperedb)'a
Nicoating.2-3)
Fig.6showstheintensityprofiles(horizontaldirection)

fbra2mmanda lOmmdiameter sourceaperture

positionedllnunbelowthefbcuswith/l=175AThe
FWHMofthefbcusedneutronbeamistwotimeslargerfbr

thelOmmdiaphragmcomparedwiththe2mmdiaphragm.

WhilethecontrastratioisslightlypoorerwiththelOmm

sourcediaphragm,thegaininintensitycomparedwiththe
2mmsourcediaphragmisapproximatelyproponional to
thediaphragmarea.
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Fig.6． Intensitypro61es(horizontaldirection) fbra

10mm-diameter(--)anda2mm-diameter(-) source
aperturepositionedllmmbelowthelbcus; /I=17.5A

§4.ConcluSions

A4m-longtoroidal fbcusinglnirrorwas installedand

successiilllyalignedonthelN15spectrometerat thelLL
WehaveshownthatSANSopticalfbcusingisfeasible,and




