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Siliconbentperたctcrystalsmhlllyas)mmetricdiihaction(FAD)geometlymcombinationwithalmearposition
sensitivedetectorareusedibranalysisofdimactedneutronbeams.ThreeoriginalneutrondiffractionaITangements

exploiting thisneutron-opticalelement arereported: adouble-c'ystal SANSmstrumentandtwohigh-resolution
diffractometersibrmeasurementofstrainsinpolycrystallmematerials.
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1.血tmduction

InvestigationsofBraggdimactionopticswithbent

peIfectcrystalsinNPI"haveresultedinmanyusefill
applications.''2) Alotofattentionhasbeenpaidtotesting
variousdesignsofneutronmonochromatorsbasedonbent

pelfectcrystalsofsiliconandgermanium, respectively,

such as horizontally and vertically fbcusing

monochromators,3)monochromatorsofsandwichtype4),
etc. Besidesmonochromators, aneutron-opticaldevice

consistingoftheelasticallybentpeIfectSiclystal infillly

asynunetricdimaction(FAD)geometlyincombination

withapositionsensitivedetector(PSD)hasbeenfbund

vely eHective in diHerent experimental diHraction

arrangements. Thisdevicewasdesignedtoavoida

conventionalstep-by-stepanalysisperfbrmedbyarotation

ofananalyzer-cIystal insymmemcBragg renection

geometlyequippedwithaneutroncounter. Theanalyzer

inFADgeometrymakesitpossibletotransfbrmtlle(angle,

wavelength)correlationofneulronsto(space,wavelength)

correlation、 andanalyzedneutronspectracanbeUlus

collectedsimultaneouslybyalinearPSD. Dimaction

propertiesofthisarrangement,especiallyfbcusingeHects,

weresimulatedbyMonteCarlomethodandexpedmentally

smdiedaswell, e.9. inref5,6. Threeexperimental

arrangementssucccssfilllyemployingsuchanalyzers---a

double-bent-cIystal (DBC) diHractometer fbr SANS

investigationinmediumgregion7)andtWoexperimental
arrangements fbr high - resolution strain / stress

measurements---arerepol-tedinthispaper. Triple-axis

difractometer8) using fbcusing eHeCtS in real and
momentumspaceenablesadetenninationofmacro-and

micro-strainsoftheorderoflO4.Evenhighersensitivity

tochangesinlatticespacing(Afj/tJdowntolO-5)canbe

reached in energy-dispersive neutron transmission

diHractiongeometry.9)

2． NeutrOn-optical l)rol)ertiesoftheanalyzcrinFAD

geometrywithPSD

Theprincipal sketclloftheanalyzerisshowninFig.1.

Bent pelfbct cIystals usuallyproducemuch shalper

correlationbetweenphasespacevariablesthannatmosaic

cIystals. Therefbre, botllmomenlumandreal space

fbcuSingeHeCtshavetobeaccountedfbrifwewanttofind

apreciserelationbetweenthespatialcoordinatexpofthe

PSDandthecorrespondingmomentumand/orenergy

transfer. ForthispulposewecanexpressBraggcondition
inadiferenualfbnnas

O＝γ, ‐〃,＋△』Ltan8,+聖上， (1)
席 R

where" isanangulardeviationofaneutrontraiectoly

fiomthecentralbeam,xjaspatialcoordinateoftheplacein

theclystalwheretheBraggconditionisfillfilled, 77j the

crystal inclinationangle,andRj itsbendingradius. The

index/=Mj4,Sdenotesthemonochromator,analyzer,and

sample(inthecaseofdimactionexperiments). Forelastic

andisotropicscattering,usuallyintheassumedcaseof

powderdimactionorSANS,onlythemagnitudeofthe
momentumtransferOisofourinterest・ Letusdefine

fbcusingparameters

L,,D
ア

ムルノs , '
ず〃= 1－－ G4= 1一一

2／〃 2／』
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ム剤2 , (2)&! =1－－′
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whereLMsandL.IDarethemonochromator-sampleand

analyzer-detectordistances,respectively,and

R",in'",/｣ = 坐尺4 sill(294) (3)/A! =
フ
ー

arethefbcal lengths. TherelationbetweengandXDcan
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Fig.1. Schematicsketchoftheanalyzer inFADgcomet,y
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Wearnvethenatthefbllowingexpressionfbrtherelative

changeofthelatticespacing,

△d

;(""r' ｡%｡ （7）二＝

J

andthecorrespondingresolution，

（鋪'"‘"･号tane,4…鰻］6(¥)-;3i¥)｡｡t',
（8）

BypropertuningcIystalcurvatures, theexpressioninthe

bracketscanbemmmzedandasharpminimumin

resolutioncanbeachievedfbragiven&. ThiseHect is
documentedinFig.3wheretheresolutionsfbrdiHErent

clystalcurvamresand4areplotted; however, amore

complexfbnnulaincludingalsoothercontnbuUonss)tothe
resolutionwasused. Theseconmbutionsdonotan,ectthe

positionsofthemnimaessentially.

2．3乃α"｡s771/ssjo刀叩gc"""I,","se"/"g
InadispersivesetUng(Fig2b)withafanda, ofthe

samesign, theenergydistributionofneutronscanbealso

analyzedasfbllowsfromeq.(4). Thispossibilitywas
utilizedinprecisemeasurementsofBraggdiHractionedges
intransmissionspectraofpolycIystals.

3. NeutmnDiffractionInStrumentation

InallinstrumentsemployingbentperfectcIystals､weare
usingfbur-pointbendingdeviceswithcIystal slabsof

standarddimensions40x200mm2(heightxlength)andof
athicknessrangingfrom3 to7mm. Crystalslabsof

diHerentclystallographicorientationsareavailable, e.g.
(llO),(111)or(112)latticeplanesparalleltothemain
surfaceofthecrystalslab. Thebendingdevicesenablea

reproducibleadjustmentofthebendingradiifrominfinity
(natclystal)to5m(thinnerclystals). He3 1-dimensional
PSDwithanactivewindowof200x40mm2areused. The

spatialresolutionofthePSDisaboutlmm.

3.ノDo"6/ec"sm/a4"Sd〃αCrO"1ere/･

TheDBCdiHractometerequippedwiththebentperfeCt
Siclystalsbothset inthesymmetricBragggeometlyhas
beenusedsuccessfnllv fbrmediumresolutionSANS

expenmentsatNPIsincel983.TheangularresoluUonof
theSANSdimactometeraswellas itsluminoSitvcanbe

ヴ

tunedeasilybythebendingofbothclystalsaccordingtothe
tasksofaparticularexperimen[. Theinstrumenthas

operatedin theg-range from2xlO-4 to2xlO-2A･l

overlappingag-gapexistingbetweenconventionalpin-
holeinstmments(usuallyg>10-2A-l)andhigh-resolution
Bonse-Hartcameras(Q<103A-l). Thefilllyasymmetric
analyzerMththePSDwasdesignedinl987toimprovelhe
exiStingexperimentalsetup. Ahermethodological tests,
theinstrumentwasrealizedatthe8thbeamoftheLVR-13

reactorin"7)andlateron､ inHMIBerlin(instrument
V12'0)).TheschematicsketchoftheDBCinstmmentis

showninFig.l・ Theneutronwavelengthis入=2.1A, the
(lll)reflectionsareemployedinbothmonochromatorand

analyzer. Thecallibrationiilnctiong(xD) isdetermined
experimentallywhen the analyzer is rotatedwith

equidiStantangularsiepsandtheshifiofdimacIionprofile
centeralongthePSDisrecorded. Thishlnctionwasibund

be､↑Simon“h｢omQtor bentSimmoch｢om敏or

、、

、
polycryStqlline

polyc｢珊謄のsomple
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1

〔壷。

(d) (b)

Fig.2. Experimental settings. (a)High.resolutionstrain
diffractometer. (b)Energydispersivetransmissiongeometry
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Fig､3. 1nstrumentalresolutionofstraindifrractometer

calculatedfbrdifrtrentRAandRM

bederivedfromsimplegeomemcal considerationsand

fromtheBraggcondition(1)fbrthemonochromatorand

analyzerinthefbllowingfbnn

："‘蕊‘=-誉｡号ゞ￥(島"｡‘"≠:‘‘ !‘｡'･ル
イ41
､ 一J

This equationcanbeapplied toall three types of
experimentsconsideredinthispaper，

2.ノS>"α"-α"g/e.scα"e"ﾉ?9,",-"se""7g

Inthiscaseaf=-ajandthesecondtermontheright-hand
sideofeq.(4)reducesto

△ん

－‘，｡‘"ﾅ(笄≠坐)‘"′
（5）

ル ／〃

detenniningtheg-resolution. Thistenncanbesettozero

bychoosingbendingradiiproperly. Theresolutionisthen

givenbyothercontnblltionsnotincludedineq.(4), result-
inge.9. frOmthemonochromator thickness, Sample
dimensions,ordetectorresolution. Formoredetailssee
ref5.

2．2〃ﾉg力柁so/zｨ"o〃d〃“"o",",-/,"""/"g
InthecasewhenapowderorpolycIystallinesampleis
putbetweenthemonochromatorandtheanalyzer(Fig.2a),

wecanSubstituteg/ｽごineq.(4)bytheallgulardeviation77s
correspondingtoanindividualgrain、

：-2"’-2(等等)‘‘｡', （6）
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cuboidal Y'precipitatesuhichwascalculatedfromthe
distanceoftheinterpalticleinterferencemaxima. Dueto
theinsmlmental resolution, thiseHectcouldbeobserved

onlyatfewexistingSANScollimatorsystems.
3"2〃jg/7-/･eso/""o"s"α"，,'3"eSSJ〃ααo'"ere′
Inthelastdecade,muchneutrondiHTactionworkhas
beendedicatedtodeterlmnationof internal strainS in

polyc,ystallinematerials. '1) Bothelasticandplastic
sIrainsareconmlonl)" investigated. Theelasticstraine=

△〔〃tノ isdeducedfromsmall shifisofadimactionpeak

fromitspositioninunstrainedsample・ Peakshifisarethen
com･ertedtostrainsbydiHErentiatingBragg'sequationto

givee=-cote･Ae， Theplasticstrain, relatedtostress
fieldsofmicrostmcturaldefects, resultsinbroadeningof

the diHracUon profile. "rious profile anal)･sis
procedures'2) are applied in this case to quantify
microstrains and separate them fromgrain size

contnbutiontopeakbroadeningTheorigmaltriple-axis

setup equipped with a bent Si single clystal

monochromatorandanal)'zerbothinsymmetricBragg

geometlyfbrinvestigationofstrainswasrealizedatNPIin

l991andhasoperatedinauserregimesincetllattime.'3)
Thedimactometertakesadvantageofthefbcusingbothin

real andmomenmmspace, andyields resolutionand

luminositycomparable to thoseof thebest powder

dimactometers. However, itshouldbepointedoutthat

suchexcellentpropertiesofUledevicemaybercachedonly

inalimitedQ-rangeinthevicinityoftheselectedBragg

renectionwithrespecttowhichallfbcusingconditionsare

optimized(Fig.3).Theinstrumentisusuallytunedtod=2
n

A,whereastrongrenectioncanbeusuallyfbundfbrmost

metals,e､9.Fe(110),Ni(111),andCu(111). Recentlyithe

asymmetricanalyzerhasbeentestedatthisinstrumentto

acceleratedatacollection. Theschemeofthearrangement

isinFi9.2a. Theinspectedsamplevolumeisdetermined

bym･ofixedCdslits(l to2mmwidth,usually) inthe

incidentanddiHTactedbeam, respectively. Using入=2.2

A,the3-axiscombinationofSi(111)/Fe(110)/Si(220)was
examinedfbrtheasymmetricanalyzer. Theinstrumental

resolutionestimatedfromthedimactionprofileofawell

annealedFeetalon (FWInf(Ad'の=1.4xlO-3)was even
better thanwith the convential symmetric analyzer

へ

( FWIm1(Ad/tj)=2xlO~' ). Figure S demonstrates

simulationofthemacrostrainbyheatinganq-Fesampleto

atemperamreabout386K. UsingthePSD､thedimaction

profile (with a su伍cient count rate necessaly fbr

detenninationofAめ〃withanaccuracyofabout lO-4)fbra

0.lcm3gaugevolumecanbetakenatamediumpower

reactormse,'eralminutes・ ThebroadeningoftheFe(ll0)

diHTactionprofilebrought about bya tensileplasIic

defbrmationisdemonstratedinFig.6.

3.3E"efgV-"/平ersﾙg〃α"s""SS/o"["〃αc"o〃

Energy-dispersive transmissiondifi-action techniques

areusuallyusedatpulsedneutronsources,'4)andlheBragg
dimactionedgesat29s=180oareexaminedinTOF

regime. Thelnodifiedtechniquefbrsteadysta(ereacIors

has beenproposedand tested inour laboratolyfbr

Strain/StreSSeXPerimentS9) IncomparisonwithTOF
techniques, the only oneBraggdimaction edge is

investigated inlhiScasc; howcver、 thisdisadvantage is

eliminatedbyconSiderabl)･highresolutionTheschcmeof
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tobetheexactlinearfimction7)aspredictedbyeqs. (4,5).
Takingintoaccount thepeakintensities, thecorrection

fimcUonfbrintensityaltenuationalongtheanalyzerlength
canbealsoobtainedfromthis callibration． The

attenuationdepending on xb is a relatively small
conection.usuallvwithin20%. Theusefillbealncross

ｰ

sectionistypicallyofabout5x40mm2beinglimiledbythe
anlyzer-clystal dimensions (7x40x200mm3). As a

practicaldemonstrationofasuccesshllexploitationofthe

mediumresolutionDBCcamera､wearepresentingresulis

ofarecentSANSexperimentonNi-basedsingleclystal

superalloy (Fig.4). Thismeasurement enabled a

determination of average distance between ordered
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thedouble-cIystalexpenmentalarrangement isdisplayed
in Fi9.2b. The renection combinalion
Si(220)/Fe(321)/Si(400)fbrA'=l.53Awastested. Tlle
instmmentalresolutionwasappreciatedbythewidthofthe

(321)edgeofawell-annealedq-Feetalonsamplebeing

about8xlO~4(A(ﾒ/")､ thatgivesasensitivitydowntolO-5in
detenmnationofstrains. Theextremelyhighsensitivityto
small lattice distortions was demonstrated in the

measurementoftheshifioftheFe(321)Braggedgefrom

theFeetalonsamplewithincreasingtemperamresat 7oC

and l3･C, respectively (Fig.7). This experimenlal

arrangementcanbeusedobviouslytoinvestigateplastic
defbrmationofmaterialsinitsearl)'stage, inanalogywith

theclassicaldimactionprofileanalysis. Althoughthe

shapeoftheBraggedgeisdetermineddominantl)'b)'Aaげ
dismbution, thesimpleconversionoftheproblemto

existingmethodsofprofileanalysis isnot obviousl)'

possibleandaproper theoryofprofile analysis of
diHractionedgesbefbnnulated. Thebroadeningofthe
dimaction edge with increasing lmcrostrain was

demonstratedexperimentallyon山esetofconventional

constructioncabonsteeldefbnnedplasticallyupto20%.

SomeexamplesofbroadenededgeprofilesareinFi9.8,and

theresultsaresummarizedinFi9.9,wherethewidthsof

theobselvededgesareplottedagainst thedegreeof
defbrmation. TheFWInlinFig.9istheFWIm1ofa
GanRRianfilnctionas the firstderivativeofanerror

fimction､whichwasusedfbrfittingtheshapeofdi缶action

edges.

4. Conclusion

Due to its luminosityandresolution、 the reported
asvmmetricanalvzerhasbeenfbundtobeavel-venective
グ

construction element in vanous neutron dimaction

arrangements. GenerallyDmuchfasterdataacquisitionis

achievedincomparisonwiththeconventionalanalyzerin

symmetricgeometly, typicallywithafactorof30-100. It
enablesonetopelformhigh-resolutionexperiments(sucll

asstrainmeasurements)evenatmediumpowerreactorsfbr

areasonablesamplevolumeandcountingtime. The
resultsdiscussedinsection3.3wereobtainedatalMW

reactor(PTBBraunschweig).

MONOCHROMATORSi(220), ANALYZERSi(400)
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