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Knowledge of the monochromaticity of an x-ray source is increasingly important in fundamental experi-
ments and critical applications. The bandwidth of an x-ray beam, selected from a synchrotron radiation
spectrum for example, ultimately defines the limiting resolution of the synchrotron source. The development of
x-ray technology through the use of characteristic line sources of fixed line shape has impaired the develop-
ment of understanding of this parameter. The bandwidth is particularly relevant with the modern trend towards
the use of synchrotron sources in conjunction with monochromating devices, where the monochromaticity of
the x-ray beam is not knowa priori. The ability to control the bandwidth of the beam can lead to significant
new experiments. We have observed the effect of the x-ray bandwidth on precise but relatively scaled mea-
surements of the mass attenuation coefficient of molybdenum made on the absorption edge. We derive an
expression describing the effect of the x-ray bandwidth on these measurements and invert this to determine the
bandwidth of a highly monochromatized 20-keV synchrotron x-ray beam to be 1.5063 eV. The tech-
nigue presented here determines the bandwidth, a parameter critically dependent on the x-ray optical elements
in the beam, in such a manner as to require no knowledge of these elements. We demonstrate that the x-ray
bandwidth has significant effects upon measured edge energies, mass attenuation coefficients, x-ray
anomalous-fine structure and x-ray absorption near-edge strytaMES). In particular, the observed x-ray
bandwidth necessitates a correction of up to 1.4% in the measurement of the mass attenuation coefficient of
molybdenum on the absorption edge and is shown to shift the observed absorption-edge energy location by up
to 0.5 eV.

DOI: 10.1103/PhysRevA.69.022717 PACS nuntber32.80.Cy, 78.20.Ci, 07.85.Qe, 61.10.Ht

I. INTRODUCTION have generally been accepted as intrinsic limitations of the
experimental methods. While methods of robust fitting
The spectral bandwidth of an x-ray beam can be a keynalysis have developed strongly, they have usually not fo-
contributor to limiting resolution in powder diffractioft], cussed on interpretation in terms of the intrinsic bandwidth
single-crystal diffraction[2] grazing-incidence reflection of the x-ray beam.
[3,4], imaging [5,6], and spectroscopif7—9] experiments. Diffractive  monochromation of characteristic lines to
The accurate determination of the bandwidth of an x-rayseparate th& «; andK «, doublet in a particular experiment
beam will improve the ability to quantify and correct sourcesappeared adequate for most applications, and therefore little
of systematic error which will therefore improve the power further direct investigation of x-ray beam monochromaticity
of these investigations. and its impact upon experimental results was undertaken,
However, due to the history of the development of x-raywith some notable exceptiofn20-22.
technology, “on-line” techniques for determining the spec- The more recent trend towards the use of tunable synchro-
tral qualities of x-ray beams have not been fully developedtron sources requires careful investigation of the bandwidth
This has come about in part because the properties of thef the x-ray beam selected from the synchrotron spectrum in
characteristic line spectra produced by laboratory x-rayorder to identify its effect on the source, crystal, or detector
sources had been relatively well characterized. These wemerformance directly. Direct investigations of the physical
dominated by the high-intensity characteristic lines and groperties of materials, for instance by using grazing inci-
relatively low-intensity bremsstrahlung background, the esti-dence reflection from thin films, the study of crystal perfec-
mate of whose contribution was sufficient for most investi-tion or mosaicity from diffraction profiles, and investigations
gations. Moreover, the characteristic lines and their domiof the energy of x-ray anomalous fine structQx\FS) fea-
nance were similar for all sources with the same target, antures and of absorption-edge locations, atomic form factors,
thus did not need reinvestigation for each experiment. Diffi-and radial electron densities, all require an assessment of the
culties resulting from the fact that the characterigtie line  degree of monochromaticity or bandwidth of the x-ray beam
was a doublet provided some limitatigh0—13. Empirical  and the effect of this upon the relevant experimental param-
profile fitting of this spectral feature led to a range of spec-eters.
troscopic issues and to limitations in the accuracy of lattice A common technique for placing an upper bound on the
parameter and structure determinatidid—19, but these bandwidth of an x-ray beam involves the attribution of the
entire width of a diffraction profile measured with a perfect
crystal to the bandwidth of the bed®3]. This overestima-
*Electronic address: chantler@physics.unimelb.edu.au tion can provide information for some applications, but does
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not enable proper evaluation of the bandwidth necessary farorrection to the measured values. The bandwidth is then
highly critical experiments. derived from the differences between measurements of the
A more careful diffraction-profile analysis can be used tomass attenuation coefficient made with a number of foil
determine the bandwidth of the beam by isolation of its ef-thicknesses. An important advantage of our method is that it
fect on the shape and width of the measured diffraction protequires no knowledge of the configuration of the x-ray
file [24]. However, contributions to the observed widths of optics—which is difficult to establish—and that it character-
diffraction peaks arise from many sources: the crystal, inizes the beam after its passage throu_gh slits, optical elements,
cluding the intrinsic width of the reflection and effects relat- th® monochromator, and after detuning.
ing to the crystal size, perfection, mosaicity, alignment, and

temperature; the beam, including contributions from the Il. THE EFFECT OF THE X-RAY BANDWIDTH ON
beam bandwidth, angular structu¢divergence and finite ATTENUATION MEASUREMENTS AT THE
collimation. When all of these parameters, each of which ABSORPTION EDGE

depends critically on the optical elements placed in the

beam, can be quantified, the measured diffraction profile can The most obvious consequence of having a distribution of
be uséd to detgrmine thé bandwidth of the x-ra beF;m How@nergies In the x-ray beam is that instead of measuring the
y i ass attenuation coefficient corresponding to a single x-ray

fh\/:sréthgrglrjnn;?;rs’ issersllsjtlr\]/ 'gé ?gdrehr:gzytﬁ%rraeligerg T:)t(urfoi nergy, we are measuring the combined attenuation at these
P piexp gnergies weighted by the intensity of each x-ray energy com-

dure. . Y
: - ponent. Furthermore, since each energy component will in
Wi(ﬁ:;[e;?aatlr:/ex_rrgethboed;mfoi;C?Séeerrgi'r?"?g_ t?\itsrﬁ)e(f;slrirzi?rd general have a different attenuation coefficient, the original
[25] exploitationyof the wavelength gepgndence of Pend(;/lgiStr.ibUtior.] of energies in the x-ray beam—the beam energy
Iésu'ng fringes[26,27], and the measurement of grazing- profile—will change gradually as the beam is attenuated by

incidence x-ray reflection profiles in the neighborhood of thethe foil, with the less attenuated components gradually in-

. = _creasing their relative intensity over the more attenuated
h!gh energy CUtOﬁTZS. 8a. However, most of these tech 8omp0nents. This change in the beam energy profile results
nigues are currently in various stages of development an

suffer from difficulties similar to those of the diffraction pro- h a decrease in the differential attenuation of the beam as it

file analvsis outlined above. The techniaue of sinale-ohoto2SS€S through the foil, and will manifest itself experimen-
halysis SN d Single-pho ally as a systematic decrease of the total measured mass
calorimetry is an exception in this regard, as it can in prin-

ciole be used to determine the bandwidth with no knowled Etz':lttenuation coefficient as the foil thickness is increased. The
P i . 9%ffect of the bandwidth on these measurements is greatest on
of the size, divergence, etc. of the x-ray beam. However, th

need for low photon fluxes to produce the single-photon con%-he absorption edge due to the strong distortion of the beam
e P . proga g'e-pho . energy profile provided by the rapidly changing mass attenu-
dition generally requires attenuation of the otherwise Opt"ation coefficient

mized beam. This attenuation will generally affect the band- In order to determine the bandwidth of the beam used in

IdE
0

ﬂ pt):x—, @
mEq fo I, dE

Vﬂ:'g;gu?é dtr(]qiak; %?ym’ thus destroying the integrity of thet_he_:se measurements, we calculate the mass atterjuation coef-
Techniques for determining characteristic x-ray Iinewidthsflc.lefnts. derived from _the meas_ured beam intensities f’md ex
to very high accuracy31,37 cannot generally be used to plicitly |nclude the finite bandwidth of the x-ray begm in the
determine the bandwidth'of a tunable x-ray beam due to thcalculatlon. We assume that the detector e_ff|C|enC|es are con-
specificity of the design and use of the required equipmen tant across .the rglatlvely narrow bandwidth qf the beam.
- : . X hus, beginning with the Beer-Lambert absorption law:
Such precision experiments often require construction o
high-resolution, narrow-band apparatus suitable only for use P |
within a limited energy range and in a specific geometrical exp — —} pt|=—, 1)
configuration. p( Plmg, ) o
Here we report a technique for determining the bandwidth
of an x-ray beam which exploits the rapid variation of thewherel represents the attenuated beam intensitythe un-
mass attenuation coefficient at the absorption edge. Althoughattenuated beam intensityt the product of density and
this technique has been developed in the context of makinthickness of the attenuating foil, arﬁde/p]mEo the mass at-
an accurate determination of the mass attenuation coefftenuation coefficient of the foil material as measutsdb-
cients of molybdenum, it has a much more general applicascript m) with a beam whose central energyHs. Explicit
tion to synchrotron-based investigations. inclusion of the bandwidth gives
The technique described here uses the fact that the effect
of the beam bandwidth on the measured mass attenuation
coefficient varies with the thickness of the absorber used to f
make the measurement. We observe the effect of the finite exp —
bandwidth of an x-ray beam on the measured mass attenua-
tion coefficients in the neighborhood of an absorption edge
and derive an expression which describes the effect of the
finite bandwidth of the beam on such measurements. We themhere |, now represents the intensity of the incident beam
show that this expression can be inverted and used to applyenergy profile at each ener@ydistributed around the central
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energyE,. The transmitted intensity of the beam energy pro- molybdenum: measured [/p] values.

file, now represented by, results from the attenuation of ‘ ' ' ‘ '
each of the energy components in the incident beam by ar L ]
amount determined by the ‘true’ mass attenuation coefficient 80 —
at each energ¥, [u/plie. Thus — Y ]

= ¥
C
o u "t 80|~ § 4
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Defining the normalized incident beam energy profile L : ‘
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Toz m—o, (4) Energy (keV)
j I dE FIG. 1. Results of measurements of the mass attenuation coef-
0 ficient of molybdenum. At each energy measurements have been
thi b it imol made with three thicknesses of foil, spanning a factor of 4 in at-
IS Can be written more simply as tenuationut, represented by three different symbots:=—100 um,

+—50 um, & —25 um. The consistency of the experimental re-
pt) dE. (5 sults is too good for the three independent measurements at each
tE

“ _f% p( [M
pt|= loeXp —|—
Plme, ) 0 p

energy to be clearly resolved on this scale.

eXp( _

The x-ray bandwidth is determined by inverting E§) Fig. 1. These results were obtained in a x-ray transmission
and then using this to apply a correction to the mass atteni@xperiment similar to that reported elsewhp48]. Figure 1
ation coefficients obtained from measurements made with ghows around 600 independent measurements made at 219
number of foils of different thickness. The value for the x-ray €nergies, with the energy interval between measurements
bandwidth is determined to be that which, when used to corchosen to be commensurate with the expected structure in
rect for the effect of the bandwidth, minimizes the systemati¢he mass attenuation coefficient. Thus, approximately half of
differences between the measured mass attenuation coeffle measurements have been made within 1 keV of the ab-
cients obtained with foils of different thickness. In order to sorption edge at 20 keV. The measurements presented in this
use this technique, it is therefore necessary to make measur@d subsequent figures are highly precise, but have not been
ments of the mass attenuation coefficient using at least tweetermined on an absolute scale. Such a determination re-
foils of very different thickness. quires further input regarding the absolute value of the den-

One cannot determine the effect of bandwidth by comparsity and thickness of the absorber used in the measurement,
ing the mass attenuation coefficient measured with a givefhe quantification of the attenuation of the air path, and other
thickness of foil with its theoretically predicted value. While factors. The impact of these factors on the measured attenu-
mass attenuation coefficients can be predicted to a precisigiion is being investigated, and will result in an extensive
and accuracy of 1% away from absorption edges, reporteglataset to be reported in a future article. However,
variation between measurements and theories indicates thasolutely-scaled measurements are not required to deter-
this uncertainty is often severely underestimaf88-36.  Mmine the bandwidth, the chief concern of this paper.
Hence both theoretical and experimental sources of uncer- In Fig. 2 we show the values of the measured mass at-
tainty would directly impact upon the determination of the tenuation coefficients in a small range of energies about the
bandwidth. For measurements on the absorption edge, addbsorption edge. These plots depict an increase of the ab-
tional experimental uncertainty in energy calibration has thesorption coefficient of molybdenum of 400%-500% over an
potential to result in a large error in the mass attenuatior@nergy range of 20 eV in the vicinity of the absorption edge
coefficient, often reaching 10% in magnitude. The situatiorat~20 keV. Additionally, in Fig. 2 we present the numerical
is further compounded by effects including shake-up andlerivative of the weighted mean of the measurements at each
shake-down resonancef37], electron correlations, and energy, where the ordinate scale is relative. This curve shows
chemical effects, giving rise to XAFEB8-40 and XANES  quite clearly the position of the first point of inflection at
[41,42. Thus, there are no well-defined experimental or the-around 19.995 keV.

oretical results suitable for comparison in the neighborhood The measurements were made at beamline 1-ID of the
of the absorption edge. Advanced Photon Source synchrotron facility at Argonne

National Laboratory. The x-ray beam was produced by an
undulator insertion device, with the third order of the undu-
lator spectrum tuned to the required experimental energy.

The results of an experiment designed to determine th&@his spectrum was monochromated by reflection by the
mass attenuation coefficierjta/p] for molybdenum at vari- (311 planes of a silicon double-reflection monochromator.
ous energies between 13.5 keV and 41.5 keV are shown ifihe second crystal of this monochromator was detuned

Ill. EXPERIMENTAL RESULTS
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FIG. 2. Results of measurements of the mass attenuation coef- |G- 3. Percentage differences of the measured mass attenuation
ficient of molybdenum in the near-edge region. At each energy meaCC€ificientsl u/p] using the thickes{top, 100um thick) and me-
surements have been made with three thicknesses of foil, repréj-'gm (bottqm, 50um th'Ck) foils compared to those made with the
sented by three different symbolsx—100 um, +—50 xm, thm_nest foil (25um t_hlck). The error bars_ r_epresent theréle de- _

O —25 um. The consistency of the experimental results is too¥ialion of the weighted mean. Explicitly, the ordinate is
good for the three independent measurements at each energy to b OC 1/ plinicker— L4/ pltnin) L4/ p]tnin- Well below the absorption
clearly resolved on this scale, although a small trend in the devia®99® the systematic differences of the thick and medium foil mea-
tion of the thickest foil can be seen. The gradient of the weightedt"uren_1ents from those of the thin f0|I_, @tl.S_% _ands0.4% re-
mean of the measurements made at each energy is plotted assgectlvely, are due to the use of nominal foil thicknesses.
dotted line, on a relative scale.

ments were not affected by scattering and thus present, for
slightly from the parallel position to suppress the harmonicclarity in the figures, the weighted mean of the measure-
components of the beam, as discussed elsewddrd5). ments made with each foil. However, the calculation de-

In making the measurements presented in Figs. 1 and 3cribed here was carried out using the unaveraged data.
we have used an optimized, automated control sequence to On the scale of Fig. 2, the results appear to be consistent
adjust the undulator gap, the monochromator angle, and thend the near-edge structure appears to be well determined.
detuning of the second element of the double-reflectionThe result could clearly be used quantitatively, for example,
monochromator in a consistent and reproducible manneto report XANES. However, the precision of each measure-
Particular care was taken when adjusting detuning of thenent is sufficiently good for the discrepancies in the data to
second crystal, which is likely to have the largest impact orbe further interpreted. The use of a number of sample thick-
the stability of the bandwidth of the x-ray beam. The totalnesses and of multiple measurements allows the proper de-
intensity of x-rays passing through the monochromator wasermination of the statistical precision of the measurements
found to be between 35% and 55% of the peak, undetunedhich enables us to identify the signature of the x-ray beam
intensity for all measurements. There is some fluctuation obandwidth.
the bandwidths of the beams produced in this manner, so we The detailed discrepancies and deviations, unresolved in
determine the average bandwidth of the beams over a randég. 2, are revealed in Fig. 3, where we present the percent-
of energies. age differences between the mass attenuation coefficients ob-

Unlike most previous attenuation measuremefdis-  tained with the thick and medium foils from those taken with
cussed in Refd46,47 and compiled in Ref448,49), inde-  the thin foil. We present the results as the differences be-
pendent measurements of the mass attenuation coefficierttgeen the measurements made with the different foil thick-
were made for three different foil thicknesses, covering anesses in order to highlight the thickness dependence of the
factor of 4 of attenuation, withut~{0.25,0.5,3 below the effect of the bandwidth that we wish to exploit. The error
absorption edge, rising tet~{1.5,3,8 at 20.005 keV. Each bars in this plot represent the standard e(rer,one standard
measurement was repeated ten times to yield an independeftviation of the mean, d5¢) of the weighted mean of mea-
measure of the precision and reproducibility of these measurements made with each foil added in quadrature to that of
surement$50,51]. These sets of ten identical measurementghe thin foil. In this plot we can see that there is a systematic
were repeated at least three times with apertures of varioudiscrepancy of around 1.5% and 0.4% for the thick and me-
diameters placed between the sample and the ion-chambdium foils, respectively, compared with the results obtained
detectors to quantify the effects of scattering in a mannewith the thinnest foil. This discrepancy is due to the use of
similar to that reported elsewhef@3], although with a the nominal thicknesses of the foils and is completely con-
smaller solid angle subtended to the foil, making the measistent with the manufacturer’s tolerance on the nominal
surements less sensitive to the effect of the scattered photoribickness and uniformity of the foils. While these thicknesses
As there was no systematic trend of the measurements witban be determined on an absolute s¢&®, relative infor-
the diameter of the aperture, we conclude that the measureaation is sufficient for the bandwidth determination.
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FIG. 4. Percentage difference between the results of the mass CEO~[—
attenuation coefficienfu/p] obtained from measurements made
with the thickest(top, 100um thick) and medium(bottom, 50um

1 o
- +—tln f loex —[ﬁ} pt
Plie, P 0 P,

thick) foils and those made with the thinnest foil (28n thick). d{ﬁ

The error bars represent therd, deviation of the weighted mean. Plie

The discrepancy due to the incorrect calibration of the foil thick- xexp| — O(E_ Eo)pt | dE (8)
nesses has been removed by fitting the thicknesses of two of the dE

foils to that of the third. The effect of the bandwidth of the x-ray
beam is now clearly visible in the form of a prominent deviation
which correlates with the gradient of the mass attenuation coeffi-
cient, as presented in Fig. 2. As shown in the text, this gradient- )7
correlated deviation, peaking at around 19.995 keV, is the signature =

of the effect of the bandwidth.

72
The discrepancies presented in Fig. 3 can be corrected by db}
performing a least-squares fit of the thickness of the two tEo
thicker foils relative to that of the third. This has the effect of
shifting all the measurements relating to a given foil by the
same amount parallel to the ordinate axis. The results of this
i

(E-Eo)pt| dE €)

ﬁ}
Plig,

~—4g (E-Eolpt| dE

procedure are presented in Fig. 4, where the ordinate again

represents the percentage difference between the results ob- 1 ©_
tained with the thick and medium foils and those of the thin :;[“"' f loexp
foil, but now after the discrepancies due to the use of the (10)
nominal foil thicknesses have been corrected. This correction

gives a proper estimate of the relative local foil thickness The validity of this expansion relies on the second-order
exposed to the x-ray beam. After this scaling has been cagorrection being small,

ried out, we note a residual trend of deviations which peak at

19.995 keV, where the thicker foils return consistently lower o M s
values than those of the thin foil. As we will show, this d P E—E.)2 d P
residual deviation is due entirely to the bandwidth of the 5 (E—Eo) < o o
< (E-Eo), (11
beam. d2E 2 dE
for the range of energies across the bandwidth. The absorp-
IV. TAYLOR SERIES EXPANSION FOR INVERSION tion edge is some 20 eV wide and, as will be seen, the band-
AND BANDWIDTH DETERMINATION width is of the order of 1 eV. Hence, although the mass

) ) . attenuation coefficient is certainly not a linear function of
The effect of the beam bandwidth varies with absorbelenergy, and in fact has a very strong nonlinearity with re-

thickness. Discrepancies between measurements made Withsgect to energy across the absorption edge, nonetheless on
variety of foil thicknesses are corrected using a physicathe relevant eV scale the deviation from nonlinearity is quite
model whose input is the bandwidth of the beam. In order tma|l. Measurements taken in the XAFS region cannot be
calculate this correction, we must invert H§). We obtain  treated in this manner as they do not satisfy the conditions of
the correctionce | to be made to the measured mass attenuthe linearized approximation expressed in Exf).

ation coefficient for each of the foil thicknesses and at each Equation(10) tells us that the correction due to the finite
experimental energ,, bandwidth of the beam is due, to first order, to the gradient of
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the true mass attenuation coefficients, which are not known. difference between [1/plwicc aNd [/ inin
However, since the difference between the measured and trués E LT E
. . . . 0.0 o L] ; E3 N T I‘Ill T III Il B
values is proportional to the gradient, the difference between ¢ 2 i 3
their gradients will vary with the curvature. Thus, the true § ~%°F E
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where the gradient of the measured values of the mass at- ¢ 5, Percentage differences between the mass attenuation
tenuation coefficient has replaced the gradient of the trugpetficients[u/p] obtained from measurements made with the
values. Inaccuracies resulting from the use of the grad|_ent Qf'lickest(top, 100um thick) and medium(bottom, 50xm thick)
the measured values have been circumvented by running thgils and those made with the thinnest foil (28n thick) after
correction algorithm in a two-pass manner: the first pass igorrecting for the effect of the finite bandwidth of the x-ray beam.
used to determine an approximate correction from which thehe prominent, gradient-correlated deviation visible in Fig. 4 has
gradient is calculated for use in the second-pass correctiorffectively disappeared. The correction for the use of the nominal
The results of these second-pass calculations were consistehicknesses of the foils is also carried out in the calculation, allow-
with the single-pass results, and thus the use of(EE2).was  ing the points to shift parallel to the ordinate axis so that they have
explicitly validated. a minimum least-squares deviation from the zero line, as before.
Equations(10) and (12) express a first-order dependence
of the effect of the x-ray bandwidth on the gradient of thetion of width W, around the central energl,, and
mass attenuation coefficient. The spread of energies in thaéefer discussion of the implications of this assumption until
beam “sees” both the value and gradient of the mass attendater.

ation coefficient. The correction teroy reveals no depen- ~ We have evaluated the integral by means of a finite sam-
dence on the value of the mass attenuation coefficient, leaRiNg Of the integrand over a finite energy range. We have
ing only the gradient term. parametrized this sampling using two parameters: the range

Figure 4 shows a consistent trend in the residual devia®f evaluation of the profile in units of the full width at half
tions between the mass attenuation coefficients obtained witfiaXimum (FWHM), ry, and the sampling frequency in
the thicker foils and those of the thin foil. This deviation Units Of the number of sample points within each FWHM,
peaks at 19.995 keV, where the thicker foils return a consisSrw- Thus, Eq.(12) is evaluated from
tently lower value than that of the thin foil. This deviation
increases in proportion to the gradient of the mass attenua- A
tion coefficient, as can be seen by comparison with Fig. 2, 1 o
and is consistent with the effect due to the finite bandwidth Cg,= E'” kz_‘ lo(Eo+KAE)
of the x-ray beam described by E.2). The effect of the -
derivative(presented in Fig.)2on the deviation of the mass “w
attenuation coefficients is suppressed as the mass attenuation d{ }
coefficient increases due to the presentation of the percentage
difference in Fig. 4.

Interestingly, the deviations presented in Fig. 4 correlate
uniquely with the gradient of the mass attenuation coefficient Corw(spw—1)
presented in Fig. 2, and therefore the cause of the deviations 1= A
is indeed the finite bandwidth of the beam. This can be seen
by realizing that in order for deviations to correlate with the
gradient, the gradient must be probed. In order to probe the

gradient, there must be a finite Spread of energies in th@\/here, by forcingSFW to be odd we ensure that the domi-
beam, i.e., the beam must have a finite bandwidth. nant, central contribution from the beam energy profile is
Given an estimate of the incident beam energy profile evaluated.
we can use Eq(12) to calculate the correction to the mass The parameters involved in this procesampling fre-
attenuation coefficients. Once we have chosen a model beaguencysgyy, and range ) were tested and found to produce
energy profile, the integral in Eq12) can be evaluated by robust and well-converging results. The derivative in the
employing appropriate numerical methods. At this stage wesummation is evaluated by determining the numerical deriva-
assume the beam energy profile to have a Gaussian distribtives of the weighted mean of the measured mass attenuation

m,Eq
- ——(kAE)pt| |, (139

X exp JE

~ Wewhm

o AR

Spw e 0dd integers, (130
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coefficients, achieved by using the three-point Lagrangianvide range of energies. In this wide survey, we have devel-
interpolation algorithm of Hildebranb3]. oped techniques for testing for the presence of systematic

Results of the minimization of the deviations are pre-errors due to harmonic components in the beam, fluorescent,
sented in Fig. 5. A comparison of Fig. 4 with Fig. 5 showsRayleigh, and Compton scattering, incorrectly determined
that the magnitude of the deviations between the measurgero-beam count rates, and the bandwidth of the x-ray beam,
ments in the region 19.99 keVE<20 keV have been sig- and for correcting the effects of these systematic errors when
nificantly reduced. _ present in the measured data.

The value of the average FWHM bandwidt\yym of By contrast, the effect of the bandwidth on the mass at-
the x-ray beam that minimizes the discrepancies is 1.57 eYanyation coefficients is only significant over a very narrow

th0.03 ev, assum(ijng ahGgusziand crzl]istributio? of ehne][_gie ange of energies at the absorption edge. For example, when
The error attributed to the bandwidth comes from the fitteGQy,q "o ytire dataset is subjected to the correction algorithm, a

one standard deviation error estimate multiplied by thecorrection greater than 0.1% is required for measurements

square root of the reduced chi Squa@a thus assuming  made at only 24 out of a total of 219 experimental energies.
that the inadequacies of the estimated input uncertainties dfne yse of measurements at all 219 energies would therefore
not invalidate the functional approach. _ decrease the reliability of the bandwidth determination due
The determined value for the average bandwidth of thg, 4omination by the random and systematic errors which, in
beam is not inconsistent with the official figure for the MONO- I hut 24 measurements. would probably exceed the magni-
Sh{%[n4at|0|ti¥/ir?f tge G(;%ywi%?ﬁmofaz EETSE?E) él_Dl%/E tude of the negligible bandwidth effect. Accordingly, in de-
;20 kévzgz e%/ The latter nominal ba;dwidth i _uoted by "Ving the bandwidth we have reduced the scope of the data
’ q Y used in the fitting process to the range of energies around the

many synchrotron radiation facilities employing silicon . )
double-reflection monochromators, and is a rough estimat@bsor.pt'On edge, ex}endmg fro_m 19.980 keV t0 20.015 keV,
In which the bandwidth effect is most pronounced.

of the bandpass of this type of monochromator. The mono _ :
chromaticity of synchrotron beams has not been better char- Ve have also discarded measurements for which 6,

acterized because, as discussed earlier, such a measureni&gge being affected by harmonic contributions and back-
is usually very difficult to accomplish. ground zero-beam noise. Likewise, we have discarded mea-

The sz provides a measure of the improvement of thesurements made in the XAFS region, in which the curvature

consistency of the determined mass attenuation coefficienf the mass attenuation coefficient leads to a limitation of the
after the bandwidth correction. The? associated with the linearized model adopted above.

measurements before and after the bandwidth correction, as

presented in Figs. 4 and 5, has decreased from 7.8 to 4.5, B. Finite sampling of the summation

cl_early confirming the presence and successful correction of \We have tested the effect of the finite sampling of the
this effect. summation of Eq(13) over a variety of sampling frequen-
The x/ over the reduced dataset is greater than 1 aftegies and ranges. We find that full convergence for the Gauss-
correcting for the effect of the bandwidth. This indicates ajan beam energy profile occurs when the summation is evalu-
limitation of either the input values of the fit, the uncertainty ated over a range of at least=3 FWHM with a sampling
estimates for these values, or the assumptions of the modgkquency ofsg,,=3 sample points per FWHM, correspond-
employed. In our case, the nonunitarity gf is primarily  ing to around two sample points per eV. The rapid conver-
due to the assumption that a single value of the bandwidth afence of this result indicates that, for the assumed Gaussian
the beam can be used to correct all of the measured maggam energy profile, the finite sampling and finite range as-
attenuation coefficients. In the approach presented here, sumptions employed in this model are both valid.
singleaveragebandwidth is determined by fitting to the en-
tire dataset. Despite the experimental aim to maintain a con-
stant bandwidth, the x-ray bandwidth did in fact vary. The o
variation of the x-ray bandwidth contributes to the residual We have assumed that the beam energy profile is ad-
discrepancies of the corrected values on the absorption edgduately described by a Gaussian distribution of energies
where the effect of the bandwidth is greatest, as observed i@oout the central x-ray energy, and have tested this assump-
Fig. 5, compared with those well away from the edge, wherdion to investigate furth_er sub_tle_t|es of_ thg shape and width of
the effect of the bandwidth is insignificant. The weak, sys-the beam energy profile. This investigation showed that the
tematic structure that can be observed in the residual discregtability and convergence of the fitted bandwidth was sensi-
ancies in Fig. 5 correlates with a similar pattern in the dedive to the asymptotic form of the beam energy profile, that
tuning of the beam, and hence probably represents a rel: t0 the tails of the distribution. In particular, the beam

C. Choice of the model beam energy profilel,

variation of the bandwidth of the beam. energy profile wasiot consistent with the asymptotic con-
vergence of a Lorentzian distribution of energies. This was
V. CONVERGENCE, STABILITY, AND ROBUSTNESS seen explicitly when testing the evaluation of the summation
OF THE TECHNIQUE in Eq. (13), which does not converge with increasing range

rw- Increasing the range of the summation correlated to a
decrease in the fitted bandwidth of the beam due to the in-

As mentioned, this work has arisen from the measuremertreased and nonconvergent contributions from the tails of the
of the mass attenuation coefficients of molybdenum over alistribution.

A. Truncation and filtering of the data
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A similar result was reported by Parrat al. [54] when  theory for this deconvolution it is necessary either to make
attempting to correct “thickness effects.” Using a laboratory measurements on an energy grid with spacing smaller than
source, and guided by perfect crystal diffraction theory, theythe bandwidth of the beam or to interpolate the measured
attempted to employ a Lorentzian beam energy profile withintensity ratios on this grid. An additional problem arises due
wide tails. These authors found by trial and error that theto the uneven grid of energies upon which the measurements
thickness effect resulting from a Lorentzian beam energyhave been made, which necessitates a sensitive treatment of
profile would not converge due to contributions at energieshe Fourier transform with regard to aliasing and oversam-
separated from the central energy by even 100 FWHM.  pling of regions of the spectrum where the measurement in-

Parrattet al. thus observed that, with reasonable mono-terval is very different.
chromation and collimation, an experimental cutoff was nec- While each of these complications can be overcome, these
essary, and that there must be a much sharper reduction cbmplexities associated with the Fourier deconvolution have
intensity in the tails of the beam energy profile. They em-been found to give rise to numerical instability in the appli-
ployed a number of alternative tail profiles in an attempt tocation described here. As a result we have followed the lin-
produce a convergent result, but were unable to arrive at angarized approximation.
solid conclusions on this matter. Our impression is that the Porteus[55] has done some work on the use of Fourier
asymptotic form of the beam energy profile measured in oudeconvolution of an empirical “smearing function” and the
experiment(with reduced divergence and higher collimation statistical optimizations associated with this approach. How-
than that of Parratét al) is either sharply truncated by the ever, the use of multiple dataseisne for each fojl with
geometry of the experiment or that it is more like a Gaussiartliffering inherent precision&esulting from the use of foils
or a Voigt profile as a result of the convolution of the sourceof very different thicknegsmakes his qualitative approach
spectrum with the monochromator crystal response functiomore difficult to apply, as discussed above. More impor-
and the geometry of the experiment. tantly, we believe that the Fourier deconvolution approach

Improved measurements obtained in the manner of thoseemains significantly less transparent as to the identification
reported here may further resolve details of a particular beamf the major causes and signatures of the effect of the band-
energy profile. The value of the bandwidth derived under thevidth of the beam than the technique presented here, where
assumption of a Gaussian beam energy profile is completelhe first-order effect of the bandwidth is shown to depend
stable when the correction is evaluated at higher samplingdirectly on the gradient of the mass attenuation coefficient.
frequencies and wider sampling ranges, suggesting that it is
not subject to instabilities due to asymptotic behavior and  E. Average versus pointwise bandwidth determination
that it is adequate for probing the second moment of the
distribution of energies in the x-ray beafne.,the band-
width).

We have determined the average bandwidth of an x-ray
beam over a small range of energies. The high precision of
the determined average bandwidth, to withit2% of esti-
mated uncertainty, compared to the likely spread of the band-
widths (potentially up to about 20%, judging by the variation
of the discrepancies presented in Figisidue to the number
The magnitude of the effect of the x-ray bandwidth on theof independent data points used in the fit, and does not rep-
measured mass attenuation coefficients can be predicted bgsent the real variation of the bandwidths of the beams.
use of a linearized expansion of the mass attenuation coeffdowever, the bandwidth could in principle be determined at
cient, providing that the bandwidth is small compared to theeach experimental energy from measurements made with
structure in the mass attenuation coefficient, so that the linthree foils.
earized approximation is well satisfied. Here we discuss a This could be achieved by first removing the difference in
Fourier deconvolution technique that could be used to deteithe measured mass attenuation coefficients due to the use of
mine the correction to the mass attenuation coefficients dithe nominal foil thicknessess we have donéy forcing the
rectly from Eq.(5). measurements to agree at some energy far removed from the
Equation(5) describes a convolution of the beam energyedge and from the XAFS structure. After establishing that
profile with the ratio of transmitted to incident intensity for there is a residual gradient-correlated deviation in the mea-
each individual foil thickness. In order to use Fourier decon-surementgas presented in Fig.)4these deviations could be
volution to invert this expression, we need to treat each foilcorrected by use of Eq13) at each energy at which knowl-
thickness separately, and then compare the results of eaelige of the bandwidth was desired.
after deconvolution. The correct value of the bandwidth However, measurements taken with only three foils render
would be that which minimizes the differences between théhe technique very susceptible to random fluctuations in
results of measurements made with each of the foil thickthose measurements. Perhaps the use of repeated measure-
nesses. ments of sufficiently high quality on a larger number of foils
However, Fourier techniques are generally very noise sencovering the same or an increased range of attenyation
sitive, and thus high precision measurements are required faould make it possible to determine the bandwidth accurately
this application. The varying precisions associated with thet each energy coinciding with an absorption edge using the
results obtained with each foil cannot be readily included aprocedure reported here, with the error in the pointwise de-
input to the Fourier transform. Furthermore, to use Fourietermined bandwidths decreasing as the number of indepen-

D. Comparison with Fourier methods: Stability versus noise
and sparse sampling
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dent foil thicknesses is increased. percentage correction to the measured [p/p]

This paper provides a proof of principle rather than a a4 T R T .
detailed investigation of the pointwise variation of the band- . 22_ x ]
width. I x

=}
T
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VI. DISCUSSION OF RESULTS

A. Previous investigations of the bandwidth effect
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Parrattet al. have so far provided the most thorough in- osk . ]
vestigation of the bandwidth effect, which they termed the S . 0%t . . h
thickness effec{54]. These authors do not linearize the at- — o2f . % * o .
tenuation coefficient on the absorption curve, as was done
hgre. The difference be_:tween the two approache; refle_cts the 19.080 19,990 20.000 20.010
different systems studied: the authors of R&H4] investi- Energy (keV)
gated the white-line transition in KCI, which is not amenable
to linearization due to the narrow and highly curved features FIG. 6. The percentage correction to the measured mass attenu-
present in this spectrum. Parrattal. chose to determine the ation coefficients of molybdenum due to the effect of the bandwidth
correction by forward calculation of the effect of the band-of the x-ray beam. The correction presented here is significant for
width, as described by Eq5). This time-consuming task all the foil thicknesses, and contains structure which would be of
yielded some insight into the effect of the bandwidth, includ-interest in - XAFS and XANES investigations. ~Symbols:
ing the need to truncate the Lorentzian beam energy profile<—100 um, +—50 um, ¢ —25 um.
but was not considered practical for the accurate quantifica-
tion of this effect. attenuation coefficient first reaches its maximum value on

Parrattet al. observed that resolution of the beam energythe absorption edge.
profile might be possible, but were unable to obtain a result The discontinuity in these corrections to the measured
without further input regarding the likely profile shape, asvalues at 20.0015 keV is due to the sparse sampling of the
their system was particularly sensitive to the distribution ofattenuation in this region, which has resulted in a disconti-
intensity in the tail regions of the beam energy profile. Sincenuity in the value of the numerical derivative at this energy.
their observation, qualitative, “in-principle” measurements This could be removed by use of an interpolation function
of the likely upper limit of the width of the beam energy (e.g.,a cubic spline but this has not been done in the inter-
profile have been madé&6,57], but so far no other authors ests of presenting the calculation in a transparent manner.
have taken up Parratt’s suggestion that the thickness effect The percentage correction presented in Fig. 6 contains
might be used to accurately determine the bandwidth of agtructure which would be of interest in XAFS and XANES
X-ray beam. investigations.

C : ]
obutes, o, w0 ¥ ]

B. Implications for critical investigations 2. The determination of absorption-edge energies

Many critical experiments are prone to errors resulting  There are a number of definitions that can be applied to
from the use of a probe beam of f!mte bandwidth. Clearly,he energy location of the absorption edge. One which has
measurements ¢fu/p] near absorption edges and of XAFS gained currency recently—due to its accessibility to both
with highly oscillatory structure will be directly affected. theoretical prediction and experimental measurement—is
that of the first point of inflection on the absorption edge.

Experimentally, this absorption-edge position is usually

Our earlier presentation of the effect of the bandwidth hasletermined to be the location of the first peak in the first
focussed on the difference between the measurements of tfileumerical derivative of the absorption spectrum. According
mass attenuation coefficient made with the thicker foils ando some very accurate measurements reported in the litera-
those of the thinnest foil. This was useful for the presentatioriure [58], this peak is very sharp, and one might thus expect
of the effect on a sulfficiently sensitive scale. However, thisthe edge-energy to be well defined.
presentation has had the unfortunate effect of masking the However, at the absorption edge, where the linearization
effect of the bandwidth on measurements. of the attenuation coefficient is certainly valid, the correction

To properly illustrate the systematic discrepancy whichto the absorption spectrum is proportional to the gradient of
can be generated in the mass attenuation coefficient by thtbe absorption curve. Thus, the correction is greatest at the
effect of the finite bandwidth of the beam, we present in Fig.point of steepest ascent, which coincides with the first point
6 the percentage correction to the measured mass attenuatiohinflection. Effects of the bandwidth have thus the potential
coefficients for each of the three foils used in this measureto shift the energy of the observed point of inflection to
ment. This figure shows that the bandwidth has resulted in bower energies, with the magnitude of the shift increasing
systematic effect for all measurements, rising to about 0.3%\ith the thickness of the foil used to make the measurement.
0.7%, and 1.4% for the thin, medium, and thick foils, re- Investigations using the absorption-edge location for the cali-
spectively, at the energy at which the gradient of the masbration of x-ray energies must therefore allow for the fact

1. The measurement of mass attenuation coefficients
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that the measurements will also be affected by the finiteence of harmonic components in the x-ray bd#@®]. As a
bandwidth of the beam. Not correcting for the bandwidthresult of such investigations, the operational qualities of such
implies that a systematic error in the calibrated energy of thdeams, used by many scientists on a daily basis, can be in-
order of the bandwidth of the beam must be accepted. vestigated and addressed directly.

To provide an example, the gradient of the weighted mean While thickness effects have attracted some attention in
of the mass attenuation coefficient shown in Fig. 2 showshe fields of XAFS and attenuation, treatments of these ef-
how readily the absorption-edge energy location may be defects have tended to be approximate or semiempirical at best.
termined. However, a similar determination of the For instance, some analyses have defined an effective “leak-
absorption-edge location using the results obtained only witlkage fraction” of “any transmitted radiation unaffected by
the thickest foil(and before the correction for the effect of changes inA u (the true absorption step heigh{60]. Our
the finite beam bandwidiHowers the determined energy by understanding of the effect of the bandwidth of the beam
~0.5 eV compared to that obtained with the thinnest foil. suggests that this interpretation of the data is qualitatively

Interestingly, the measurements presented here can lxecorrect as it denies the effect due to the distribution of
used to determine the energy location of the absorption-edgenergies in the central regioiin the neighborhood of the
of molybdenum. The first point of inflection of the mass central energy and concentrates on effects in the below-
attenuation coefficients in the corrected results occurs at aadge(tail of the beam energy profileegion only. We have
energy of 19995.0 e¥ 0.3 eV, where the error represents shown here that effects resulting from the central distribution
our ability to determine the location of the first point of can be dominant; ignoring them is likely to yield question-
inflection. The energy scale of these measurements was calble results.
brated by measuring the locations of a number of reflections Peasd66] has previously noted that the bandwidth effect
from the hhh planes of a large, perfect germanium singleloes not disappear in the limit of zero thickness. However,
crystal at a number of different energies throughout thehis analysis is qualitatively different from the analysis pre-
course of the experiment. These measured energies were theented here, dealing with effects related to the tails of the
used to calibrate the recorded monochromator angles, whidheam energy profile. Here the central part of the beam energy
were then interpolated for all experimental monochromatoiprofile actually gives rise to an effect on the measured mass
angles. This has resulted in the calibration of the energies ddttenuation coefficients.
the x-ray beam presented on the abscissa of all plots of this Thus, the bandwidth must be determined in order to prop-
paper. The estimated error of the absolute value of the calierly measure an XAFS spectrum. Once the bandwidth has
brated energies in the neighborhood of the absorption edgeeen determined, preferably by making measurements on a
of molybdenum is of the order of 3 eV. We thus report anumber of thicknesses of foil in the edge region, it can be
measurement of the location of the first point of inflection ofdeconvolved from the measured XAFS spectrum to recover
the absorption edge of molybdenum with the resultthe desired information.

19995 eVt 3 eV, with the observation that the dominant
source of uncertainty is due to the inaccuracies of the abso- 4. Critical absorption

lute determination of the energy of the x-ray beam. This The principle of critical absorption is relatively simple: on
result is not inconsistent with the result obtained by Kraftihe absorption edge, the absorption coefficient changes by up
et al. [58], who report a value of 20000.36 e\0.02 eV, {5 400% over a very narrow energy range, possibly about
d|ffer|r_19 from it by about 1.7 tlm_e§ our standard deviation.q 104 of the x-ray energy. In this region, it is argued, even a
In their study, Kraftet al. have minimized the effect of the (g|atively poor determination of the absorption of a charac-
bandwidth by applying further monochromation to the beamyeyistic x-ray falling on the edge will provide accurate knowl-
thus reducing both the bandwidth and the intensity of thesgge about the energy of that x-ray. The technique of critical
beam by a few orders of magnitude. We generally agree withhsorption is a clever technique enabling high resolution en-
their conclusion that they have largely removed the effect Ofargy determinations to be performed, especially when the
the bandwidth from their.measurements,.although we cann(gdge energy is known from other experiments. It has been
comment on_whether this has been achieved to the level %{pplied in the determination of kaori67] and muonid68]
accuracy claimed. masses, and can in principle be used to determine the energy
of any emission line or x ray energy that happens to coincide
with an absorption edge of another material.

Since the article of Parratt al, the term thickness ef- In order to implement the technique of critical absorption,
fects has been expanded to refer more generally to any sy#-is necessary to obtain a calibration curve for the absorption
tematic effect on the measured mass attenuation coefficiesdge in question. This can sometimes be obtained from ex-
that can be probed by varying the thickness of the foil usedsting tabulations, or may need to be explicitly measured.
to make the measuremer69]. These effects include However, the technique will be compromised when, as will
the presence of harmonic components in the x-ray beangenerally be the case, the calibration curve is measured with
sample roughness, pinhole leakage, as well as bandwidé beam whose bandwidth differs significantly from that of
[54,59-64. Refinement of the treatment of contributing fac- the emission line. In such cases, information will be incor-
tors to the thickness effects has the potential to provide powrectly transferred from the calibration curve to the emission
erful, quantitative probes of the spectral properties of x-rayline. This source of systematic error has in general not been
beams, as demonstrated elsewhere with reference to the preppreciated and can be dominant in such investigations.

3. XAFS investigations
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The solution of this problem is to measure the absorptiorhandwidth can be probed extends over about 20 eV, and the
edge accurately and carefully in a separate experiment, cofypical bandwidth is of the order of 2 eV. Fortunately, the
recting for the bandwidth involved, and to determine the enyse of other absorbing materials offers a wide selection of
ergy of the emission line only after a similar correction for other energies sensitive to the x-ray bandwidth. The distribu-

the bandwidth is made. tion of the absorption-edge energies across the x-ray spec-
trum allows the selection of absorbing materials to be opti-
VIl. CONCLUSION mized for a given experimental investigation.

The bandwidth of the x-ray beam has a significant impact
?}(;n the measurement of mass attenuation coefficients,
. ) . bsorption-edge energy locations, and XAFS spectra. We in-
the abgo.rpnon gdge, where the gradient of the absorptlc_m Wicate ways by which these effects can be corrected. It is
large, tlrt1 IS [:;)tossmltg to chbtserve the effecé)t oft;[he b"’fmg.w'dthikely that proper correction for the effect of the bandwidth
'tjhpol? € aSer][ua '°t_” (()j_ﬁwo or mgr? a soihers 0 'Vecrls%vill reveal new structural detail in the measurement of

ICkness. systemalic diierences between the measure @EANES, due to the high attenuation gradient associated with
tenuations OT these absorbgrs are mterpretgd by a.Taylofhese measurements, and in quantitative XAFS and white-
series inversion of an equation which takes into explicit aCYine studies, due to the combination of the high attenuation

count the energy profile of the x-ray bea”.‘-. . ._gradient and curvature associated with these studies.
We demonstrate the technique by utilizing attenuation

measurements of molybdenum on and in the vicinity of the
absorption edge. We show that an x-ray beam produced by
an undulator insertion device, monochromated by double re-
flection from the 311 planes of a silicon monochromator, We wish to acknowledge the assistance of B.B. Dhal of
whose second set of planes was slightly detuned to minimizéhe University of Melbourne in performing the experiment
harmonic contributions, is consistent with a Gaussian-shapednderlying this investigation. We further acknowledge the
energy distribution which has an average FWHM bandwidthassistance of our collaborators at the Advanced Photon
of 1.57 eV+=0.03 eV. Source: D.J. Cookson of CHEM-MAT-CARS, W.-K. Lee and

An important advantage of the on-edge absorption techA. Mashayekhi of SRI-CAT, and M. Beno and the staff of
nique for determining the bandwidth is the fact that it re-BESSRC-CAT. This work was supported by the Australian
quires no knowledge of the x-ray optics of the beam andSynchrotron Research Program, which is funded by the
characterizes the beam after its passage through optical el€ommonwealth of Australia under the Major National Re-
ments, slits, the monochromator, and after detuning. Onceearch Facilities Program. Use of the Advanced Photon
suitable absorbers are selected, the required attenuation me&@surce was supported by the U.S. Department of Energy,
surements are straightforward and their interpretation tdasic Energy Sciences, Office of Energy Research, under
yield the bandwidth routine. Contract No. W-31-109-Eng-38. One of (M.d.J) wishes to

We find it remarkable that out of a synchrotron spectrumacknowledge the Australian Research Council for their sup-
extending over more than 60 keV, the region in which theport.

The bandwidth of an x-ray beam is an important featur
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