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Chapter3．X－RayDiffractionExperiments

3．l PropertiesofX－rayS

WehavealreadydiscussedthatX－raySareelectromagneticradiationlikevisiblelight．

X－rayWaVelengthsaregenerallyconsideredtoliebetweenO．1andlOÅ（1Å＝10‾10m）．Tb

PrOducesuchradiation，ltrequlreSlossofkineticenergyofelectrons．Theproductionofone

X－rayquantumrequiresmuchgreaterenergy（～keV）thanthatneededfortheproductionofa

Visiblelight（～eV）．

ThephotonenergylSglVenby：

E＝力V，

WherehisPlanck’sconstantandl／isthefrequencyoftheelectromagneticwave．

Theelectromagneticwavehasarelationoftheform：

ノー・し∴

Where，iandcarethewavelengthandthevelocltyOflight，reSPeCtively．

Then，Eq．（3．1）canbewrittenas：

E＝生
見

AsaresultoftheaccelerationbyavoltageV，thekineticenergyoftheelectron

becomeseV

Then，

A＝窓
Bysubstitutingthevaluesofh，eandc，andthewavelengthinÅ，Eq．（3．4）becomes：

言　上1
㌢

From Eq．（3．5），One Can eaSily determinethe minimum wavelength（Å）fromthe known

acceleratingvoltage（V）oftheorderofkV（103V）．

3．2　GenerationofX－raySbyTubes

Whenametalnlamentisheatedundervacuumathightemperature，thermalelectrons

areemitted．Iftheseelectronsareacceleratedbyavoltagebetweenthenlamentandatarget，

then X－rayS are generated．The radiation emitted by the target metal，forinstance Cu，lS

SChematicallyshowninFig．3．1．ItisseenthatthespectrumCOnSistsofcontinuousX－raySaS

Wellas characteristic X－rayS Showing discrete and highintensitypeaks（Kαand Kβ）・The

COnVentionalX－raytubeisdemonstratedinFig．3．2．
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Fig．3．1．SchematicdrawlngOfthespectrumgeneratedbyanX－raytube．

3．2．l ContinuousX－rayS

ThemostimportantprocessofthegenerationofthecontinuousX－rayisthedeceleration

Oftheemittedelectronbyinteractionwiththemetaltarget．Accordingtothe C．Etheory，a

deceleratedelectronemits electromagneticradiation．Theminimumwavelength，determined

byEq．（3．4），is reverselyrelatedtothe voltagebetweenthe nIamentandthetarget．Dueto

accidentalconditionsoftheelectronswhentheyareapproachingtothetarget，theconvertion

from the kinetic to the electromagnetic energyislower than eV fbr each electron．

Corresponding to thelower converted energleS，the wavelengths ofthe continuous X－rayS

SPreadtothelongervalues．

3．2．2　CharacteristicX－rayS

The sharp peaksin Fig．3．1can be explained by the directinteraction between the

emittedelectronandthetargetmetal．WhenanelectronisqectedfromtheKshellofthe
metalatom，thevacancylSPrOducedinthisshell．TheKshellisthennlledbyanelectronfrom

higherenergyshell（L，M，etC．）．ThenX－rayPhoton，havingtheenergydi銑rencebetweenthe
twoshells，Willbeemittedbythelatterelectron．

TheX－raySCOmlngOutduetothefallofelectronsfromL，MshellintotheKshellare

known as Kct，Kβradiations，reSPeCtively・These radiations are called characteristic X－rayS

becausethewavelength（orthe energy）isnxedbythetargetmetal．Inthe case ofCu，the

wavelengthsofKα，Kβ，arel．54Åandl．39Å，reSPeCtively．ForthecaseofMo，theyareO．71

ÅandO．63Å，reSPeCtively．

3．2．3　X－raytube

The basic design and winng diagram ofan X－ray tubeisillustratedin Fig．3．2．A

nlamentoftungsten（cathode）isenclosedinavacuumenvelop，andheatedbyalowvoltageto

emit thermal electrons．These electrons are then accelerated to strike the target material
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（anode）byahighvoltage（typically40kVfortheCutarget）．Asatemperatureofthemetal

anodeincreases due to collision ofthe electron beam，ltis necessary to cool down by

Circulationofwater．TheX－raySareemittedinalldirectionsfromthesurfaceofthetarget．A

SmallportionofthegeneratedX－raySispassedoutthroughthewindowsofthetubetobeused

forexperiments．Forthepracticaluse，thetargetmetalsareCu，Mo，Fe，Co，etC．，andthetube

andwindowmetalsareFeandBe，reSPeCtively．

VVaterinlet

VVateroutlet

Metal

Fig．3．2　SchematicillustrationofanX－raytube

3．2．4　Rotatinganodetube

The beamintenslty OfX－rayS，lrradiatedbythe abovetube，lSlimitedbythe electron

Currentfromthenlamenttothetarget．Duetoconcentrationoftheelectronsonthesmallarea

（10mmxlmm）ofthemetalsurface，thetargetisdamagedoverthelimitedcurrent．Usinga

CylindricalanoderotatlnglnVaCuum，thecurrentispossibletoincreasemorethanlOtimesup

toseveralhundredsmA．ThentherotatlnganOdetubeproducesastrongerX－raybeam．

3．3　SynchrotronRadiation

Synchrotron radiationis extremely highintenslty electromagnetic radiation with

COntinuous spectral distribution emitted by a high energy electron storage nng．In the

SynChrotronfacility，electrons（orpositrons）areacceleratedtonearlythevelocityoflightina

highvacuumclosedorbit．Usingaseriesofmagnets，thebeamofthechargedparticlesrunS

alongthe storage rlnghaving adiameterranglng SeVeralhundreds meters．Thefluxofthe

generatedX－raySismanyordersofmagnitudegreaterthanthatobtainedbytheconventional

X－raytubes．
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AccordingtotheCEtheory，ifachargedparticleoscillateswithafrequencyv，aWaVeOf

frequencyvisemitted．Atlowenergy，theradiationisemittedinanon－directionalpattem．Ata

highenergy，WhenthevelocltyOfthechargedparticleisclosetothevelocltyOflight，andthe

energylSeXtremelylargerthanitsrestmassenergy，relativisticefRctsprovokeasharpfbrward

Peakingoftheradiationandsimultaneouslyalargeincreaseinthetotalradiatedenergytakes

Place．ThisradiationishighlypolariZedwiththeelectricvectorintheplaneoftheacceleration．

Propertiesofthe synchrotronradiationfbrthe scattenngexperimentscanbe summarizedas

bllows：

（i）．IthascontinuousspectrumfromtheinfraredtothehardX－raySreglOn

（ii）．IthasveryhighintensityandbrightnessascomparedtotheconventionalX－rayS．

（iii）．Thebeamofsynchrotronradiationhashighcollimation．

（iv）．Itishighlypolarizedwiththeelectricneldvectorintheorbitalplane

Therefore，the synchrotron facility has become widely used fbr the struCtural

measurementofavarietyofmaterialsincludingpolymers．Usingthehighintensltyradiations，

time resoIvedmeasurements，SuCh as dynamics ofcrystallization，Phasetransition，etC．，are

extensivelyperformed．Fordetailedtreatments ofthe synchrotron radiationinthe polymer

neld，the reader can refbr to a review［1］．For the detailed description of the recent

experimentalmethodforpolymers，thereadercanrefbrthetextbooksl2－4］

3．4　Monochromatization

3．4．lSinglecrystalmonochromator

InthemqorltyOfpracticalexperiments，X－raydi釣●aCtionrequlreSaSOurCeWhichisas

nearlymonochromaticaspossible．However，X－raySgeneratedfromthetubeareamixtureof

radiationshavingvariouswavelengths（Fig．3．1）．Asinglecrystalmethodisgenerallyused

fbrsubsequentisolationofthedesiredwavelength．Whenabeamofthecontinuousradiationis

incidentupon a slngle crystalby an angle q the reflectionbeamhas a slngle wavelength

SelectedbytheBragg’srelationshowninEq．（1．3）．Itispossibletoselectadesiredwavelength

toa鴎usttheincidentandreflectionangle O．Aspecialattentionisnecessaryforthecrystal

monochromator．Forthesettlngangleofthewavelengthl，theradiationsof〟2，〟3，etCare

Simultaneouslyincluded because the higher order radiationis satisned by the Braggs

condition．

3．4．2　Filtration

In order to obtain substantially monochromatic X－rayS，itis necessary to remove

unwantedwavelengths．AstheKctradiationhascomparativelyhighintenslty，anltermethod

Canbe employedto distlnguishthe Kctradiationfrom otherradiations．Whenthe beamOf

COntinuousX－raySispassedthroughanlterthatespeciallyabsofbsunwantedKβradiation，the

relativeintensltyOftheKctradiationisemphasized．Althoughtheresultingradiationisstilla

mixture，this methodis commonly usedin the nltration of X－ray．Nickel－nltered CuKα

radiationisgenerallyusedfbrpolymerstudies．
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3．5　X－rayDetection

3．5．l Photographicfilm

The conventionalmethod fbrdetection ofan X－ray difn－aCtionpattemis attainedby

exposingphotographicnlm，Whichcontainssilverbromideemulsion（AgBr）．X－rayinitiatesa

Photochemicalreactioninthe nlm．Then，the silverbromide canbe reducedtofree silver

grainsthroughsuitabledevelopment．Therefore，thedetectionofX－raySisdirectlyproportional

totheamountofAgBr．Thepracticaldouble－COatednlmwillabsofbabout50％oftheincident

X－rayradiation．

3．5．2ImagingI｝1ate

AnImagingPlate（IP）isahighlyadvancedphotosensitiveplate．TheIPiscomposedof

BaFBr：Eu2＋；bariumfluorobromide containlng atraCeamOuntOfdivalenteuroplum aS a

luminescence center．As aphotosensitive materialis sandwichedbetween aflexible plastic

SuPPOrtandathinprotectivelayer，theappearanceoftheIPresemblestoaconventionalX－ray

nlm．Forpracticaluseinthe di餓●aCtion experiments，theIPis placed within aprotective

CaSSettetOPreVenteXPOSurefromthe visiblelight．Duringthe exposure，thephotosensitive

ChemicalsoftheIPareexcitedbythedi餓●aCtedX－rayS．A氏erendingtheexposuretime，theIP

isremovedandplacedonthescannerfbrdeveloplng．ItutilizesaHelium－Neonlasertoscan

intoproducingtheluminescencefromthe excited chemicals．The detectedluminescenceis

thencountedbyaphotomultiplierandconvertedintoadigitalpICturebyacomputer．

3．5．3　Counters

Counters are also the main detectlng methodsin the X－ray di餓●aCtion studies．The

functionofthesedetectorsistoconverttheindividualX－rayPhotonintovoltagepulses．These

PulsesaresubsequentlyeithercountedorintegratedbycountlngequlPment，yieldingvarious

formS Ofvisualindication ofX－raylntenSlty．Counters are availablein the detection of

COnVentional X－ray di釣●aCtion measurements．We use severaltypes such as gas counters，

scintillation counters and solid state detectors．Each detectorhasits own characteristicsbutis

basedonthepnnciplethattheX－raySionizethematter．Inthefollowlng，WeShalllimitour

discussiontothegascounter．

WhenanX－rayPhotoninteractswithanatomofinertgas，theatomionizesintoanion

Palri．e．anelectronandapositiveion．Thentheelectronisacceleratedbytheanodepotential

andfurtherionizestheinertgasmoleculesintoproducingthepalrS．Theanodewillhave a

SlgnalbytheseelectronsproportionaltotheorlglnalX－rayPhoton．Thisisthemainfunctionof

the proportionalcounter．Inthe usualmeasurements by aproportionalcounter，the X－ray

intensltylS meaSured polnt－by－POlnt．Then，ltis necessary to scanthe counter along the

di釣●aCtionangle．

3．5．4　PositionSensitiveProportionalCounter（PSPC）

In the PSPC，a detectlng Windowis opened along the scatterlng angle．Using a

retardationcircult，thepositionoftheX－rayPhotoncanbedetectedalongthewindow．Then，

Peakdetectionalongthe scatterlng angleisperhrmedwithoutscannlngthe counter，Which
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SaVeSthemeasurlngtlmeaSCOmParedtotheusualproportionalcounter．

Inthecaseoftheorientedpolymers，equatOrialreflectionsaresimultaneouslymeasured

WhenthewindowofthePSPCisperpendiculartothedrawdirection．Thedi釣●aCtionangleis

usuallymarkeduslngaStandardsamPle．

3．5．5　ccD

The rapid two－dimensional measurementis available uslng a Charge－COuPled device

（CCD）．Theaccuracyandsensitivityofthis systemareverymuchimprovedintheseyears．

Using a highintenslty SynChrotron radiation，the dynamic phenomena during the phase

transitionarepossibletomeasurelikeamovie．Theresultsarememorizedbyavideo，CDor

DVD．

3．6　Wide－AngleX－rayScattering（WAXS）

3．6．1Experimentalset－uP

AccordingtotheBragg’srelationpresentedinEq．（1．3）fora丘xedwavelength（J），the

ValueoftheOwillbelargerwhendhklbecomessmaller．IftheX－raydi釣●aCtionmeasurementis

PerformedbyareglOn O＞50，thenthe measurementtechniqueis calledwide angle X－ray

SCattering（WAXS）．WAXSmeasurementsarecarriedouttodetectthelatticeparametersofthe

Orderofafbwangstrom．Thedetectors，SuChasIPorPSPC，arePlacednearthesample．There

arevariOustechniquesfbrWAXSmeasurementsbutweshalllimitspeci丘ctechniquesusedin

OureXPeriments．

3．6．2　Flatfilmtechnique（PhotographicfilmorIP）

ForX－ray Studies ofpolymers，flat nlm cameraS are Widely used，because they are

Simple and convenientto record characteristic fbatures ofunoriented ororientedmaterials．

With a quickinspection on the pattem，ltis easy to distinguish whether the materialis

amOrPhousorcrystalline．Figure3．3showsaschematicdiagramfbrWAXSsetupuslngaflat

nlm．AcollimatedparallelbeamisincidentonthesamPle．Thedifn－aCtedbeamisrecordedon

the nlm，Whichis putin the cassette consistlng Of a metal back and paperfront．A

beam－StOPPer（～0．5mmthickleaddisk）isplacedonthepaper，PreVentingthenlmcenterfrom

anexcessiveblackeningbythedirectbeam．

TheBraggangle，0，COrreSPOndingtoanydifn－aCtionspotorrlngCanbederivedfrom：

tan2∂＝三
月

Wherexisthedistancefromthecenterofthedirectbeam（centerofthebeam－StOPPer）tothe

di釣●aCtionspot，andRisthedistancefromthesampletothenlm．Then，thelatticeparameter

OrPlanedistance，dhkl，iscalculatedbyEq．（1．3）．
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X－raygeneratOr

Fig．3．3SchematicdesignofWAXSuslngaflatnlmcamera

3．6．3　Cylindricalcamera

Oriented polymers glVe　rise to a characteriStic pattem，SO－Called a且ber pattem，

resemblingtothoseobtainedbyarotationcrystalmethod．Itisconvenienttousecylindrical

nlmtodetecta且berdifn－aCtionpattem．InFig．3．4，thesamPleismountedatthecenterofthe

Camera，SettlngOnthetopofagoniometerfor丘nepositionlng．Thesampleisa鴎ustedsoasto

make the orientation direction paralleltothe cameraaXis．The nlmis placedintheinner

SurfaceofacylindriCalcassettewhichismountedconcentricallywithitsaxiscoincidingwith

thecameraaxis．

Ifthesamplepolymerisorientedalongthedraw－direction，thedi餓●aCtionpattemShows

layerlinesperpendiculartothedraw－direction．Usingacylindricalcamera，thelayerlinesare

alignedonastraightlineparalleltotheequator．．

Z－aXIS

Incident

二 十 ノ／

■　一　一一
－

beam sa更。1…一

Fig．3．4　　Schematicviewofacylindricalcamera

Layerline

Equator
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The examPle oftheWAXS pattemSuSlngthe cylindricalcamerais showninthe

Chapter4（Figs．4．2and4．3，PP33－34）forthe orientedpoly（ethyleneterephthalate）（PET），

Whereshiftingofdi釣●aCtionpositionsfromthelayerlineispreciselymeasured．

X－raySource
v acuum cham ber　　　 r11m Or l

C olliT atOr　　 sam ple

l　　　　　　　　　　　　　　 l
l　　　　　　　　　　　　　　　 l

eamⅩ－ray

Fig．3．5SchematicdesignofaSAXSsetup．

3．7　Middle－andSma11－AngleX－rayScattering（MAXS＆SAXS）

LikewisetheWAXS，ifthe X－raydifn－aCtionmeasurementis carriedoutfollowlng a

techniqueinwhichBraggangle，0，issmallerthan50，thetechniqueisusuallycalledSAXS．

IntheintermediatereglOnfbranglesfrom50tolOO，WenameSOmetimesMAXS．Followlng

theBraggsrelation，MAXSandSAXSmeasurementsareperhrmedforlargerstruCtureSthan

thosedetectedbyWAXS，rangingseveralhundredsÅ．TheexperimentalsettingoftheSAXS

measurementisshowninFig．3．5．

In SAXS，the nlmordetectorisplacedlongerdistance awayfromthe sample．In

Ordertoreducenoiseorbackgroundbytheairscattenng，thepathbetweenthesampleandthe

nlm／detectorisoftenevacuatedincaseofSAXS．TheX－rayaPParatuSuSedinSAXSisalmost

thesameasthatusedinWAXS．

3．8」h－SituX－rayMeasurement
During crystallization ofpolymers，We meaSure WAXS and／Or SAXS bythe special

apparatus onthe X－raybeamline．Forisothermalcrystallization，the heatertemperatureis

ChangedduringtheX－raymeaSurement．TheTSCapparatusis setinthennelycollimated

X－raybeamaSindicatedinFigs．5．3（b），（C）（pp51）．Forin－Situmeasurement，thecamerais

movedwiththecrystallizingtemperaturebyamotor．Theexampleofthemovingnlm（IP），We

Showinthechapter5（pp65－66）．
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