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We analysediffraction line profiles obtainedat the X3B1 National SynchrotronLight
Sourcepowderdiffraction beamline.Calculateddiffraction-line widths are comparedo
the measurementsf a NationalInstitute of Scienceand TechnologyStandardReference
Material, LaBg. The discrepang at high Bragganglesis probablycauseddy the inade-
quateGaussiarapproximatiorfor the Darwin width of monochromatoBraggreflection.
Theequatorial-sliwvidth hasamajorinfluencenot only onvertical(equatorialdivergence
but alsoon the characteof diffraction-lineprofilesat high angles.The least-squarefits
of instrument-functiordecomwolutedtungsten-lingrofilesshaw thata Voigt function sat-
isfactorily modelsphysicallybroadenedine profiles.
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1. Introduction

With theincreasinguseof synchrotronsourcesn condensed-mattgrhysicsand ma-
terials science thereis interestto bettercharacterizesomeaspectof X-ray diffraction
that are specificfor the synchrotronradiationand focusingoptics. In particular precise
knowledgeof theangle-dispersie diffractionline-profile shapéds of utmostimportancen
X-ray powder diffraction, especiallyin line-broadeningnalysis Rietveld refinemen{1],
andotherwhole-pavderpatternfitting programsin this regard,laboratoryX-ray sources
wereinvestigatedextensvely, but synchrotronradiationremainsinadequatelycharacter
ized.

Materialdefectscausdliffractionline broadeningSynchrotrorradiationis inherently
advantageougomparedo laboratorysourcedor line-broadeningstudiesfor mary rea-
sons: naturally high beamcollimation providesa superiorresolution,the wavelengthof
the monochromatidoeamcan be easily tuned, and line shapeis generallysimplerand
controlledto our preferenceMost important,however, is the high resolution thatis, the
narrov instrumentaline profile impliesa high sensitvity to smallphysicalbroadening.

The aim of this work is to analysethe basicaspect®f X-ray diffractionline profiles
obtainedwith synchrotromradiation.In particular wefocusednline shapecausedy both
instrumentafactorsandphysicalorigins.

2. Experiment

Synchrotron-radiatioomeasurementwere performedon the X3B1 beamlineat the
NationalSynchrotroriLight Source(NSLS),BrookhaszenNationalLaboratory Thetriple-
axisparallelgeometryis definedby a Si channel-111-cunonochromatgia flat specimen,
anda Ge111-cutanalyzercrystal(seeFig. 1).
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Fig. 1. Schematiaziew of X3B1 NSLSbeamlinein the equatoriaplane: (M) channel-cut
monochromatocrystal; (ES)equatoriaklit; (S) flat-platespecimen(A) analyzercrystal;
(D) proportionaldetector

Diffractionlinesarebroadenedor two reasonsinstrumentatontritutiong andphys-
ical (specimen)origins f (suchaspoint, line, and extendedlattice defects,small-angle
andlarge-angleboundariesetc.). The obsenedline profile is a convolution of thesetwo

42 FIZIKA A 6(1997)1,41-50



BALZARET AL.: SYNCHROTRON X-RAY DIFFRACTION ...

effects:
h(x) = g(x) * f (x) + background (1)

Here x representthe data-samplingariable(eitherBraggangled or modulusof thescat-
tering vectorq = 2(sinB — sinBgp)/A), whereBg correspondso the diffraction-line cen-
troid). Both wavelengthdistribution Q and geometricalaberrationsy” contritute to the
instrumentaprofile. They aretreatedasthe characteristiof the particularinstrument:

9(x) = Q) * Y(x). 2

To obtainmicrostructuraparametersf the specimenthe physicallybroadenegrofile
f mustbe extractedfrom the obseredprofile h providedthattheinstrumentaprofile g is
calculatedbr measuregbrior to thedecormwolution. Measurementareperformedon a suit-
ablespecimerthatshavs minimal physical(structuraloroadeningsuchasNIST Standard
ReferencéMaterial(SRM) LaBg. Both laboratoryandsynchrotrordiffractionline profiles
arecloselyapproximatedvith the Voigt functionor its pseudo-digt andPearson-Vllap-
proximations[2]. To comparemeasuredand calculatedinstrumentalprofiles, we shall
review the overall effects of geometricalaberrationon the synchrotrondiffraction-line
shape.

3. Syntirotrondiffraction-lineshape

Most of the diffraction line-profile modelsrely on a study of Caglioti, Paoletti, and
Ricci [3] thatwasdevelopedfor neutrondiffraction andlater adaptedo the synchrotron
case[4]. Basicstudiesof synchrotronpowder diffraction were undertalen by Cox et al.
[5], who alsogave acomprehensie review of thefield [2].

The main equatorialinstrumentalfactorsaffecting the diffraction-line profile canbe
summarizedsfollows:

(i) Sourceheight(verticalangulardistribution of the polychromatidoeam)is approxi-
matedwith the Gaussiariunctionatthe bendingmagnetlt depend®n storage-ringelec-
tron (positron)relatiistic factory, photonenegy €, andthecritical photonenegy €. (5.04
keV atNSLS):

gs(2) = exp (—%) ) 3)
[

wherethevertical (equatorialfor it is in the scatteringplane)divergences

FWHMy= =2t Y= (1= (/022 = B/ (moc?). @)

Here,v, E andmy aretheelectron(positron)speedeneny, andrestmassrespectiely, and
cisthespeedf light.
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(ii) Slit width a:

ws={ 5 [523 ©)

(i) Monochromatorand analyzer (perfect) crystal normalized Darwin Bragg-
reflectionshapg6] (rockingcunwe):

§

am,A(2) = (6)

Here,s definesheregionfor a perfectreflection(without absorptionfrom a crystal.
The mostimportantaxial aberrations a divergence which causesaasymmetryat low
angles.This effect mustbe modeledseparatelyandwill not be treatedhere.For a math-

ematicalmodelto correctthe line profilesfor axial divergenceseethe recentpaperby
Finger CoxandJephcoaf7].
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Fig. 2. Full width at half maximum(FWHM) " of split-Pearson-VIfuntionsfit to theline
profilesof LaBg (full squaresanddiamonds).Differentbroadeningcontritutionsto (10)
arepresenteavith lines.

The total diffraction-line profile resultsfrom a cornvolution of all the contritutions,
which hasto be calculatechumerically However, for mostpurposesa simpleestimation
of line widthsasafunctionof diffractionanglemaysufice. Wavelengthdispersiorfollows
from the Bragglaw:

AN/A = (0B + 04 + FWHMZ)Y2 cotb. 7

Here,the shapeof Darwin—Braggreflectionis approximatedvith the Gaussiarfunction.
wv andwya designatenonochromatoandanalyzercrystalDarwin widths. They depend
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onthestructurefactor polarization,absorptionandtemperaturgseefor instanceéNarren
(6]).

To recognizeherelative importanceof variouscontritutions,we estimatehe angular
resolutionat the X3B1 NSLS beamlinewith 8 keV photoneneny, thatis, approximately
atthe CuKa wavelength:

FWHM(2.5 GeV, 8 keV) = 0.0190’; (8)

wv(111Si,8keV) =0.002;  wa(111Ge8keV) = 0.0045.

It seemghat Darwin widths of both analyzerandmonochromatocrystalsmake a minor
contribution andcanbe neglectedin the first approximation However, this large a diver
gencewouldyield very poorresolution(seeFig. 2) andit mustbecontrolledby thenarrov
equatorialslit in front of the specimenThe FWHM,, yieldsthe heightof the beamat the
slit positionof about4.5mmfor the X3B1 beamlingring—slitdistancas 13.7m). Usually,
atleastthreetimesnarrowver slit hasto beusedto improvetheresolution.For instancewe
collectedthe LaBg dataat 0.130049(3nm with 0.75 mm equatorial-slitwidth (Fig. 2).
Line profileswerefitted with a split—-PearsoVIl functionto modelthe peak-asymmetry
effects. The mainpeak-widthcontributionsarethen

@y = 0.003T; (9)
v (111Si,9.54keV) = 0.0015; wa(111Ge9.54keV) = 0.003Z.
Here,theverticaldivergenceyy is definedby the equatoriaklit. Certainly the monochro-

matorand analyzerDarwin widths becomesignificantfactors.To calculatethe FWHM,
we usetheexpressiorof Sabind4]:

2tan® tan® 2
2 _ _ A
M= (tanBM tanBy + 1)

2tan®@ tan@ 2
2 _ A 2
T (tanGM tanBy 1) + Wa (10)

+(WEs+ Ws/D5R)/12

Here,we addthe influenceof specimersize (which approximatelyequalsthe equatorial-
slit width wes) andreceving-slit width wgrs (it canbe neglectedwhentheanalyzercrystal
is used) whereDsgr is thespecimerio receving-slit distance.

In Fig. 2 we plot threecurves: the equatorialdivergenceterm givenby FWHM, the
first term of (10), andall termsof (10). The monochromaterelatedwavelength(enegy)
dispersionhasa major influenceat high diffraction angles,but the analyzeras well as
slit contritutionsare quite small, exceptat low angles.Thefit is satishctoryup to about
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20 = 110°. At high angles,(10) may be inadequatébecausédt assumeghat the trans-
missionfunctionsof all optical elementghat contribute to broadeningollow a Gaussian
distribution. That may be a fair approximationin neutron-difraction case,but certainly
notfor synchrotron-radiatiodiffraction,whereprofileshave a significantLorentziancon-
tribution. To further examinethis matter in Fig. 3 we shaw the Voigt-functionfits to the
LaBg line profilessothatLorentzianandGaussiarpartsareseparated-romFig. 2 is evi-
dentthatthemajorinfluenceon peakwidth comesfrom the equatoriadivergenceof the
beamand
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Fig. 3. Lorentz- (L) and Gauss{Bg) integral breadthsof the Voigt-functionfits to the
LaBg line profiles. The datawerecollectedat 0.130049(3hm: (a) 0.75mm equatoriaklit;
(b) 0.25mm equatoriaklit.
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wavelengthdispersionat the monochromatorAlthough the equatorial-beandistribution
(3) mayhave asubstantial orentziancontribution,whichwould causeliscrepang atlarge
anglesthelattereffectis dominantat largeranglesfor this monochromatochannel-cut)
configuration.lt is likely thatlong tails of the shapeof monochromatoBraggreflection
(see(6)) contribute substantiallyto the peakwidth andarevisible asa Lorentzianpart of
fitting Voigt or a similar function. This is confirmedby the measurementsith narraver
equatorialslit (0.25 mm), presentedn Fig. 3b. The obvious differencefrom measure-
mentswith the 0.75mm slit (Fig. 3a) is a dominantLorentziancharacterof the profiles
atlargeangles.Therefore a wider equatoriaklit hasan effect of cutting off the long tails
characteristiof the reflectionfrom the monochromatorThis effect may be moresignif-
icantin constant-vavelengthneutrondiffraction, wherewider slits mustbe usedbecause
of generallypoorbeamintensitiesyesultingin predominantlyGaussiarpeaks.
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Fig. 4. The LaBg line profile (Bragg reflectionsfrom the (843), (922), (850) and(762)

planescoincideat this diffraction angle) recordedat 0.069839(2)nm with the 1.5 mm
equatoriaklit.

How slits canaffect theline profilesis illustratedin Fig. 4. The measuremerf the
LaBg reflectionwasmadewith 1.5 mm wide equatoriaklit. The peakhasthe appearance
of a“superGaussian’lt is clearthatthesourceheight(3) is modulatedby theslit function
(5). Theresultingprofile is a corvolution:

a/2
OsxOEs= / exp[—b?(x— 2)?dz= %‘[erf(b%1 —bx) + erf(bg +bx], (11
—a/2
where
b? = Lzz (12)
FWHMZ
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If the slit width a is smallerthanthe FWHMj, the profile staysapproximatelyGaussian,
but thereis alossof integratedintensity If theslit width is increasedubstantiallyoverthe
FWHM,, (11) approachethe constanvalueof,/Tt/b, thusmakinga rectanguladik e pro-
file shape However, thereis anadwantagdan a substantialncreaseof integratedintensity
thatmay outweighthe drawbacks.Moreover, if the specimershavs evena smallamount
of physicalline broadeningthe “superGaussian’line shapewill notbe obviousbecause
thephysicallybroadenedine profile will smeaiit out.

4. Physicallybroadenedine profiles

From(1), it follows thatdecowolution canbe performedn termsof comple Fourier
transform=of respectie functions:

_Hn)
F(n) = &) (13
The inverseFourier transformgivesa physicallybroadenedine profile by a summation
overall the harmonicnumbers:

f(X)ZZHEn) exp(_ZTu'xn)‘ (14

n) Xm

@

Hence thephysicallybroadenegbrofile f is retrievedfrom the obsenedprofile h without
ary assumptior(bias)on the peak-profileshape.However, (13) may not give a solution
if the Fouriercoeficientsof the f profile do not vanishbeforethoseof the g profile. Fur
thermorejf physicalbroadenings smallcomparedwvith instrumentabroadeningdecon-
volution becomegoo unstableandinaccurateAlternatively, it is advantageouso approx-
imate the physicallybroadenedine profile with an analyticalfunction, and performthe
convolution processwith a predeterminednhstrumentalprofile accordingto (1), which is
alwaysa mathematicallystableprocedure Moreover, a subsequenrine-broadeningnal-
ysisof physicallybroadenedine profileis muchsimplerif ananalyticalapproximatioris
adoptedHowever, it is necessaryo validatewhetherthe physicallybroadenedine profile
canbe approximateduccessfullyith any commonanalyticalfunction. For this purpose
we prepareda “standard”tungstenspecimerthat shows a particularamountof physical
broadening.The specificsaboutspecimenpreparationand data collection and analysis
werepublishecdelsavhere[8].

Decorvolution was performedfollowing (13) with LaBg profiles definingthe instru-
mentalfunction G. Becausef noisein the raw data,Fourier coeficientsbecomeunreli-
ableaftersomeharmonicnumber andcausdarge oscillationsin the synthesizegbrofiles.
As anillustration, a typical plot of a synthesizeghysically broadenedine profile, ob-
tainedfrom thelaboratoryX-ray data,is shovn in Fig. 5a(110tungsterBraggreflection).
Corverselythesamephysicallybroadenedine profile obtainedrom thesynchrotrordata,
with approximatelyidentical countingstatistics,doesnot shav peak-tailripples. It indi-
categhatthegenerallysuperiorsynchrotrorresolutionanda simpler(singlet)wavelength
distribution allows for moreprecisedine-broadeningtudies.Thefactthatthe synchrotron
110tungstendecowolutedprofile (Fig. 5b) is perfectly symmetricalwhile its laboratory
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counterpar{Fig. 5a)is not, althoughthe peakasymmetryis muchmore pronouncedor
the synchrotronsourceat smalleranglesbecausef large axial-divergenceeffect, shavs
thatthe Cu Ka doubletseriouslyaffectsdecowolution and,consequentlyall the derived
parameters.
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Fig. 5. Lorentz-, Gauss-and\Voigt-functionfits to the instrument-functiordecowoluted
physically broadenedl 10 tungstendiffraction-line profile. Differencepatternsplotted
aroundzerointensityon the smallerscale:(a) laboratorydata;(b) synchrotrordata.

To testwhethersimpleanalyticalfunctionscansuccessfullyapproximatea physically
broadenedgrofile, least-squarests of Lorentz-,Gauss-andVoigt-functionsto the tung-
stenprofileswereperformed(see for example,Fig. 5b). It is obviousthatthe Voigt func-
tion shaws a superiorand overall satishctoryfit. Even moreimportantis how different
functionsfit profiles. Althoughthe Lorentz-functiomapproximatesails quite well, it fails
to fit profile shapecloseto its maximum.On the contrary the Gaussiariunctionfits fairly
well aroundthe peakmaximum whereadails fall off too rapidly. Thisis known to bealso
truefor the obsereddiffraction profiles.Despitesubstantiaprofile-tail ripples, thefits of
physicallybroadenedgrofilesobtainedfrom the laboratorydata(Fig. 5a) shov the same
behaior.

Thesemeasurementshav thatthe physicallybroadenedine profile canbe satishc-
torily approximatedvith a Voigt function. Then,the subsequentne-broadeningnalysis
canbeperformedn asimplermannef9].
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5. Conclusions

Synchrotrorradiationis certainlysuperiorto laboratoryX-ray sourcedor diffraction
purposesGenerallyalargernumberof opticalelementsalongthe beamlinegivestheuser
moreflexibility but alsoposesmorechallenge.

For usual operatingconditions, the contritution of monochromatoiDarwin width
shouldnot beneglected especiallyat largeangles.

The summaryinstrumentafunction (assumedo berepresentedloselywith the mea-
suredLaBg line profiles)containsa significantLorentziancontritution,whichis incompat-
ible with the presumptiorthatall transmissioriunctionsareapproximatedvith Gaussian
functions.Themostlikely reasorwhy (10) failsto modeldiffraction-linewidth atlargean-
glesis becaus¢he monochromatoperfect-Braggeflectioncannotbe approximatedvith
a Gaussiarfunction.

Physicallybroadenedine profilesof a suitablypreparedungsterpowderareapproxi-
matedsatistctorily with a Voigt function.

References

1) H. M. Rietweld, ActaCryst.22 (1967)151;

2) D. E. Cox,in Handbookon Syntirotron Radiation,V. 3, Editedby G. S. Brown andD. E. Monc-
ton, North-Holland,New York, 1991,p. 155;

3) G.Caglioti,A. Paoletti,andF. P. Ricci, Nucl. Instrum.Methods3 (1958)223;
4) T. M. SabineJ. Appl. Crystallogr20(1987)173;

5) D. E. Cox,J.B. HastingsW. ThomlinsonandC. T. Prewitt, Nucl. Instrum.Methods208 (1983)
573;

6) B. E.Warren,X-ray Diffraction Dover PublicationsNew York, 1990,p. 324;
7) L. W. Finget D. E. CoxandA. P. Jephcoat]). Appl. Crystallogr 27 (1994)892;

8) D. Balzar in Microstructue Analysisfrom Diffraction editedby R. L. Sryder, H. J. Bungeand
J.Fiala,InternationalUnion of Crystallography(1997)in press;

9) D. BalzarandHasselLedbetterJ. Appl. Crystallogr 26 (1993)97.

PROFIL SINHRONTRONSKERENGENSKEDIFRAKCIJSKELINIJE

Analizirali smo difrakcijske profile linijja dobienih na snopu X3B1 Nacionalnog
sinhrotronskg izvora svjetlostiu Brookharenu. Na€inili smousporedbearazneuvjete
i s vi vse prilagodbenihfunkcija. Prilagodbeprimjenom najmanjih kvadrataza profile
volframovih linija, koje su bile dekonvoluiraneinstrumentalnonfunkcijom, pokazujuda
Voigtova funkcija dobroopisujefizicko proSirenjeprofilalinija.
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