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Ka1,2 and Kb1,3 x-ray emission lines of the 3d transition metals
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The Ka1,2 and Kb1,3 emission spectra of the 3d transition metals Cr, Mn, Fe, Co, Ni, and Cu were
measured, employing a single-crystal diffractometer optimized for minimal instrumental broadening. The
high-accuracy diffractometer, and the interferometrically calibrated silicon crystal employed ensureabsolute
wavelengths in the metric scale to a sub-part-per-million accuracy. An accurate analytic representation of each
line, obtained by a fit to a minimal set of Lorentzians, is presented. The absolute energies, linewidths, and
indices of asymmetry, derived from the data, agree well with previous measurements. So do also the intensity
ratiosKa2 /Ka1 andKb1,3/Ka1,2, which are, however, slightly, but consistently, higher than previous values.
Possible origins for the observedZ-dependent trends are discussed.@S1050-2947~97!03012-6#

PACS number~s!: 32.30.Rj, 32.80.Hd, 31.30.Jv
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I. INTRODUCTION

Simultaneous multielectronic transitions within the ato
play an important role in determining the structure in and
intensities of x-ray emission spectra. This is particularly tr
in the case of the 3d transition metals, whose asymmetr
line shapes were attributed as early as 1928 to contribut
from two-electron transitions@1#. Several other mechanism
such as conduction-band collective excitations@2#, exchange
@3#, and final-state interactions@4# were also suggested a
equally probable alternatives. In spite of an extended
extensive research effort over several decades@5# no final
agreement on the physics underlying these line sha
emerged. Very recently, combining precision line-sha
measurements andab initio relativistic Dirac-Fock calcula-
tions, we were able to show that the line shapes of the
Ka and Kb emission lines can be fully accounted for b
contributions from3d-spectator transitions only, in additio
to the diagram ones@5# ~in the following, underlining de-
notes hole states!. This conclusion was strongly supported b
the considerably improved agreement with theory of theL
and M level widths and fluorescence yields, which no
could be derived from the diagram contributions only, af
stripping off from the measured lines those due to the sp
tator transitions@6#. High-resolution measurements of the
spectra photoexcited at energies near theK edge show
clearly the first appearance of the asymmetric features a
excitation energy coinciding with the calculated threshold
creation of a1s3d two-hole configuration, which is the ini
tial state of the3d-spectator transitions@7#. While these re-
sults support very convincingly a two-electron excitation o
gin for the line-shape asymmetry in Cu, it is clear that
this interpretation to be conclusive, neighboring 3d elements
must be shown to have a similar behavior. To our kno
edge, suitable high-resolution spectra for such a study
however, not available at present, nor has there been
in-depth study, such as that discussed above for Cu, for
other element. We have, therefore, undertaken measurem
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of suitable spectra for 5 other elements, namely, Cr, Mn,
Fe, and Ni as a first part of a study similar to that of Cu. T
results of these measurements are presented in this p
Their strength lies in being the only set ofKa andKb emis-
sion lines for ~almost! all of the transition metals, which
were measured on the same instrument under highly o
mized conditions and on an absolute energy scale of s
parts-per-million~ppm! accuracy. The optimization, base
on a detailed study of the instrumental effects involved@8#,
ensures a minimization of the distortions introduced by the
and allows the removal of any remaining distortion by n
merical methods. These procedures are crucial for obtain
reliable and accurate spectra, as found in the Cu study@5#.
Precise knowledge of the line shapes and their accurate
resentation by analytical forms such as the sums of Lore
zians employed here and elsewhere@5,9# are also important
for applications in high-precision x-ray diffractometry. The
are, for example, stress and grain size determination by
profile analysis of polycrystalline materials and hig
precision crystal lattice parameter measurements@10#. Our
results should prove, therefore, useful in these fields as w

This paper presents and discusses the measured sp
Accurate analytic representations of the line shapes
given, in terms of sums of Lorentzians fitted to the data,
the applications discussed above. Characteristic quant
such as positions of line maxima, linewidths, indices
asymmetry, etc. are determined and compared with the
merous separate measurements of individual lines avail
in the literature. Finally, the intensity ratiosKa2 /Ka1 and
Kb1,3/Ka1,2 are derived from the fits and critically com
pared with previous measurements.

II. EXPERIMENT

A. Measurement setup

The measurements were performed using a high-preci
single-crystal spectrometer@11# in the classical Bragg geom
etry. The instrument is of a high mechanical stability.
4554 © 1997 The American Physical Society
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TABLE I. Measurement parameters for the line-shape determination. The angular widthsDus , which correspond to the width of the
spectral line, andDud , which is the ‘‘spectrometer window,’’ as well as their ratio, are also listed. A positive asymmetry for a g
monochromator crystal reflection indicates grazing incidence relative to the crystal surface.

Element Line Reflection U@kV# / Bragg angle Asymmetry Slit width Dus Dud Dus /Dud

I @mA# ~deg! angle~deg! hor. ~mm! ~s! ~s!

Cr Ka1 331 40 / 30 66.76 22.0 0.04 176.5 21.2 8.3
Kb 331 56.79 22.0 131.4 6.2

422 70.11 19.5 239.7 11.3

Mn Ka1 422 30 / 20 71.43 19.5 0.04 247.7 21.2 11.7
Kb 422 59.49 19.5 160.7 7.6

Fe Ka1 333 25 / 32 67.85 0 0.04 200.2 21.2 9.5
Kb 333 57.18 0 156.8 7.4

531 73.10 228.6 332.8 15.7

Co Ka1 531 30 / 35 77.00 228.6 0.04 291.4 21.2 13.7
Kb 531 61.99 228.6 223.0 10.5

620 70.69 43.1 338.6 16.0

Ni Ka1 620 30 / 35 74.48 43.1 0.03 214.5 15.9 13.5
Kb 620 60.87 43.1 245.0 15.4

444 73.11 0 449.6 28.3

Cu Ka1 444 40 / 32 79.30 0 0.03 328.3 15.9 20.7
333 47.48 0 65.1 4.1

Kb 444 62.63 0 265.8 16.7
553 40 / 30 79.91 12.3 0.10 770.6 48.5
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mean total angle dividing accuracy in the absolute posit
over the full angular interval of 2p is 0.12 arcsec and its
minimal angular step is 0.06 arcsec. A silicon crystal w
the surface orientation~111! of WASO9 type~obtained from
Wacker Chemitronic, Burghausen! was used to measure th
emission lines for most of the 3d transition metals. Its lattice
parametera was determined in the metrical system by mea
of combined x-ray and optical interferometry@12# with an
accuracy of@13# Da/a59.631028 and allows the determi
nation of the emission line peak positions on an abso
energy scale with high accuracy.

The incident beam collimator consists of a 390 mm lo
tube with crossed slits at both ends, directly attached to
x-ray tube. For all measurements the vertical slit heig
were fixed at 0.42 mm while the horizontal widths varied
required. The total air-path length of the radiation from t
x-ray tube to the detector is 800 mm. The x-ray generato
a highly stabilized ID3000 from Seifert GmbH&Co KG. Th
stability was tested in a 60-h run. No measurable drift of
x-ray intensity was observed. Stability against temperat
variation was ensured by locating the spectrometer and
x-ray generator in separate basement rooms. The x-ray
excitation conditions are given in Table I and are alwa
operated with the standards used in x-ray tube applicati
with excitation energies much higher than the correspond
K-edge energy of the anode material. Line-shape variat
with exciting energy are not expected in this region@7#.
Temperature and air pressure were measured at each
and the intensity measured was corrected to correspon
standard conditions (T5293.15 K, p5101.325 kPa!. The
absorption in air and Be was calculated using absorp
n
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coefficients from Henkeet al. @14# for the wavelength at the
maximum of each spectrum.

B. Resolution and instrument function

A major problem for any line-shape measurement, inclu
ing those using single- and double-crystal spectrometry
the evaluation of the ‘‘true’’ emission line from the mea
sured and instrumentally distorted profile. Preferably, the
fluence of the instrumental function should be minimiz
already in the measurement process itself by an optimal
lection of the experimental setup. This has been done in
experiments on the basis of computer simulations of
spectrometer window function for our case@8#. The influence
of the collimator geometry, the crystal reflection propert
~as given by the dynamical theory of x-ray diffraction!, the
tube arrangement and the absorption of the radiation in
anode, air and windows were taken into account. If the
strumental window is much narrower~ideally a d function!
than the spectral linewidth, the measured line profile cor
sponds to the ‘‘true’’ emission line profile to a very goo
approximation. In this case, the measured data can be
rected numerically for any small remaining distortion due
the instrumental function. It should be noted that in gene
the measured emission line is not a convolution of
‘‘true’’ emission line and the instrumental window. Only un
der special conditions, selected according to our comp
simulations and used in the measurements, can the meas
data be approximated well by such a convolution, and
evaluation of the ‘‘true’’ emission line profile can be done b
a deconvolution of the measured spectrum by the instrum
tal function @8#.
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The ratioDus /Dud of the spectral linewidthDus to the
beam divergenceDud ~spectrometer window! can be used as
a measure of the achievable resolution. Note, however,
in general, the spectrometer window function includes
effects of both the beam divergence~collimator divergence
function! and the crystal’s angular acceptance function. O
when the latter is of negligible width relative to the bea
divergence, as is the case here, can the window functio
approximated well by the beam divergenceDud . The value
of Dus depends, among other parameters, strongly on
Bragg reflection used. Since the calibrated silicon crystal
the surface orientation~111!, the number of available reflec
tions and especially of those providing a good resolut
~large Bragg angles! is very limited.Dus andDud are given
in Table I. For a single-crystal spectrometer the~horizontal!
slit widths of the collimator are the crucial factors for th
width of the instrumental function. They should be as sm
as possible while still allowing a sufficiently high count ra
for good statistics. The widths used for the line-shape m
surements were between 0.03 and 0.05 mm. The meas
emission lines were registered with about 1000 steps
measuring times between 100 and 200 s at each point.
total counts collected at a single point at the peak var
between 20 000 and 50 000 counts forKa and 2000 and
6000 forKb. In the measurements of the absolute peak
sition, discussed below, it was found advantageous to cho
these three parameters~steps, time, and total counts! differ-
ently.

Most of theKb spectra used for the determination of t
emission line shape were measured with two different refl
tions. One was the same reflection used for measuring o
Ka doublet. This was not necessarily the one with the hi
est resolution, but it guaranteed the highest possible com
ibility in the measuring conditions for the determination
the Kb1,3/Ka1,2 intensity ratio. The second reflection wa
optimized for high resolution~see Table I!. The experimental
conditions were invariably set so that the effect of the inst
mental window function could be removed by deconvoluti
the measured data by the simulated instrumental function@8#.
The measured data were also corrected for the rela
change in absorption and in the integrated reflectivity o
the wavelength range. No additional smoothing was app
to the data.

The peak positions of the lines were determined on
absolute energy-wavelength scale in separate measurem
according to the Bond method@15#. This method, developed
for the diffractometric measurement of lattice parameters
nearly perfect crystals with high accuracy when the ene
of the line is known accurately, may be used in reverse
determine the absolute energy, when the lattice paramet
the crystal is known accurately@16#. The optimum experi-
mental conditions in that case are similar to those for
line-shape determination~a large ratioDus /Dud , and, in
particular, a large Bragg angle!, but the strategy for the mea
surement and the data analysis is different. The basic ta
to determine the kinematical Bragg angle of the selec
crystal reflection from the measured intensity distributio
The basics of the measurement strategy are described in
tail in @8,17#. 20–25 points were measured spanning the p
of the peak whose intensityI is >80% of the maximum. The
slit width is selected so that about 50 000 counts~Cr, Mn
at
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Ka, Co Kb, FeKa) and about 100 000 counts~Co Ka, Ni,
Cu! were collected at the maximum. For some lines a sma
number of counts was used~for Mn Kb 25 000 counts and
for Fe Kb 11 000 counts!. Rather than a single scan with
long measuring time at each point a repeated scan techn
was used, with a shorter time at each point and each s
repeated from 20 to 40 times. With this strategy obvio
runaway scans are easily excluded and the long-time stab
of the generator is not stressed to its maximum extent.
energy of the line is determined from the angular position
the intensity profile’s peak, through Bragg’s law. This profi
is, under optimized conditions, a convolution of a wide i
strumental function~containing basically the wide collimato
function and especially the wide spectral line itself! and the
narrow dynamical reflection curve. The peak position det
mination is done best by calculating that intensity distrib
tion @8# using the emission line shape~with its exact absolute
energy scale still unknown! represented by the Lorentzian fi
~see Sec. III B!, and fitting it to the measured intensity dis
tribution, varying only its height and position@17#. Thus, to
determine the line position with high accuracy, its sha
must be known. Finally the determination of the peak po
tion of the emission line in the absolute energy or wav
length scale, i.e., in eV or nm, respectively, is possible us
the Bragg equation, the kinematical Bragg angle, and
lattice parameter of the calibrated silicon crystal. The co
version factor from the wavelength to the energy scale is@18#
8.065541~3!3105~m eV! 21. A careful analysis of the accu
racy of Bragg angle measurements and of the possible a
rations was given in@19#. Since no deconvolution of the
measured spectrum by the instrumental function is car
out in the case of the line position determination, the ho
zontal slit width could be chosen larger than for the lin
shape determination in order to get more intensity. A wid
of ; 0.1 mm was selected.

III. RESULTS AND DISCUSSION

A. Introduction

In this section we present the measuredKa andKb emis-
sion spectra of Cr, Mn, Fe, Co, Ni, and Cu. The ‘‘true
emission line profiles were determined through deconvo
tion by the simulated instrumental function of the sing
crystal spectrometer@8#, as detailed above. Each line wa
fitted by a sum of Lorentzians to get an accurate analy
though phenomenological, representation of the line sh
for use in x-ray line profile analysis and other application
The line parameters, i.e., full width at half maximu
~FWHM!, index of asymmetry, and integrated intensity we
determined and are critically compared below with previo
measurements, where available. Finally, theKa2 /Ka1 and
Kb1,3/Ka1,2 intensity ratios are calculated and discussed

B. Lorentzian fit

An accurate analytical representation of the emission
shape is essential for a large number of practical applicat
of x rays ~e.g., grain size and strain determination fro
single-crystal diffraction line profile analysis of polycrysta
line samples@10#, structure refinement from powder diffrac
tion patterns, etc.!. In both the classical and quantum theo
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the natural shape of an emission line in the frequency
energy scale is a Lorentzian@20#. This is observed in practice
for a large number ofKa emission lines. They are highl
symmetric and theKa doublet structure can be represent
accurately by a superposition of two Lorentzians, one e
for the Ka1 and theKa2 lines @21#.

By contrast, it is well known that the experimentally o
servedKa andKb emission lines of the 3d transition metals
are pronouncedly asymmetric. Considering the basic Lor
zian shape of emission lines it was proposed to fit the sh
of those asymmetric lines empirically by a superposition
several Lorentzians. The high precision achievable by
approach was already demonstrated for the CuKa and the
Cu Kb spectra@5,8,9#. Each Lorentziani is represented by
three parameters: the position of the maximumEi , the rela-
tive ~compared to the maximum of the emission line! peak
intensityI i , and the full width at half maximumWi . For a fit
of the measured lines a linear background~parametersA and
B) has to be taken into account. Consequently the ‘‘tru
~i.e., after the correction for the instrumental broadenin!
emission spectrumS(E) is represented by

S~E!5(
i 51

n
I i

11@~E2Ei !/Wi #
2

1BE1A. ~1!

In the first step of the fit the numbern and the parameter
of the Lorentzians are selected manually to start the num
cal refinement with optimal initial values of the paramete
This process starts always with the assumption of a dou
for Ka and forKb. The number of Lorentzians is increase
in steps of 1 until either the integrated intensity of the l
Lorentzian added is smaller than 1% of the integrated int
sity of the entire emission line or the differences betwe
measured and fitted profile over the entire energy range
smaller than the standard deviation 2s given by the measure
ment statistics.

In the second step of the fit the approximate values of
parameters for each Lorentzian and the background are
merically refined using the Levenberg-Marquard algorith
@22#. The standard approach is slightly modified to impro
the convergence of the fit. An optimization cycle is divid
into n subcycles. In every subcycle the parameters of on
single Lorentzian are refined and fitted to an ‘‘artificial’’ pro
file. It is constructed by removing the contributions
n21 Lorentzians~except the one to be optimized in th
cycle! from the measured profile. The convergence lim
achieved is determined by the weighted sum of squares«:

«5(
i 51

m
1

Mi
@Fi~Ei ,A,B,I 1 ,E01,W1 , . . . ,I n ,E0n ,Wn!

2Mi~Ei !#
2. ~2!

Mi is the measured intensity andFi is the intensity of the fit
profile, i.e., a function of the parameters of all Lorentzia
and the background for each of them points of the experi-
mental emission line profile. This convergence criteri
takes into account relative deviations between the meas
and the modeled profiles and is also sensitive to small~ab-
solute! deviations between the measured and the fitted p
files at the background level, i.e., it gives a higher sensitiv
r
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to a correct background determination. The precision of
fit is characterized by the weightedR factor Rw, defined as
@23#

Rw5F(i 51

n

wi@Fi~obs!2Fi~calc!#2

(
i 51

n

wiFi~obs!2 G 1/2

.

Here the weighting variablewi51/s i
2 ands i

2 is the vari-
ance due to the counting statistics.Fi(obs) andFi(calc) are
corresponding values on the measured and calculated
shapes, respectively. The complete set of parameters f
multiple Lorentzian representation of the emission li
shapes of Cr, Mn, Fe, Co, Ni, and Cu are given in Table
and III together with theRw values. The accuracy of the fit
is better for theKa doublet (Rw<1.1%! than for theKb1,3
line (Rw<2.1%!. The worst fit is obtained for FeKb with
Rw52.1%. Examples for the fits of theKa1,2 and Kb1,3
emission lines of Cr, Fe, and Ni are presented in Fig. 1. T
high quality of the fit can be seen by the small and nons
tematic residuals. The largest deviations between the m
sured and fitted profiles are obtained at the maximum, u
ally with the fitted intensity being higher than the measur
one. The small regular oscillations, observed in the tails
some of the emission lines, are obvious relics of the Fou
deconvolution procedure.

The values presented in Tables II and III allow a simp
and accurate analytic representation of the most freque
used x-ray emission lines from x-ray tubes. In this empiri
decomposition no attempt was made to take into account
physical origin of the asymmetry of these emission lines
successful physical interpretation of the observed asymm
was already published@5# for Cu. A similar study for the
other lines presented here is in progress.

C. Absolute wavelength determination

The basic problem of high-precision x-ray spectroscopy
the extension of the metric~or, now, the electromagnetic!
scale to the x-ray wavelengths@24#. Tabulations for x-ray
Ka andKb emission line wavelengths have existed for se
eral decades~cf. Bearden@25#, whose data are identical with
the data in Vol. IV of@23#! and the wavelengths or energie
respectively, are quoted with precisions extending down
the ppm level. However, it must be noted that in almost
cases this is only arelative precision, taking into accoun
only the accuracy of the angular position through the Bra
law. As x-ray wavelength determination invariably involve
crystal diffraction, an accurate determination of the absol
wavelength on a metric scale requires that the lattice par
eters of the crystal be known on an absolute metric scal
an accuracy higher than that of the wavelength to be de
mined. Almost all of the tabulated values@23,25# are based
on measurements that do not fulfill this requirement and
likely to be in error by more than 1025 on an absolute scale
The origin of this relatively low accuracy was for a long tim
the lack of a proper absolute ‘‘ruler’’ for atomic-scale leng
measurements. In the last 10–20 years extensive efforts w
made at several national standards institutes, in particula
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TABLE II. PositionsEi , widths Wi , amplitudesI i , and integrated intensitiesI int obtained for the individual Lorentzians from a fit o
each measured line by the sum of the minimal number of Lorentzians that provides a reasonable fit to the data. WeightedR factors obtained
for the fits are also shown.

Ka1 Ka2

Peak Ei ~eV! Wi ~eV! I i I int Peak Ei ~eV! Wi ~eV! I i I int

Cr a11 5414.874~2! 1.457~2! 0.822~2! 0.378 a21 5405.551~3! 2.224~4! 0.386~1! 0.271
a12 5414.099~6! 1.760~7! 0.237~2! 0.132 a22 5403.986~3! 4.740~50! 0.036~1! 0.054
a13 5412.745~16! 3.138~20! 0.085~1! 0.084
a14 5410.583~30! 5.149~51! 0.045~1! 0.073
a15 5418.304~38! 1.988~58! 0.015~1! 0.009

Rw 1.1%

Mn a11 5898.853~2! 1.715~2! 0.790~2! 0.353 a21 5887.743~3! 2.361~5! 0.372~2! 0.229
a12 5897.867~6! 2.043~7! 0.264~2! 0.141 a22 5886.495~13! 4.216~21! 0.010~1! 0.110
a13 5894.829~22! 4.499~33! 0.068~1! 0.079
a14 5896.532~15! 2.663~20! 0.096~1! 0.066
a15 5899.417~17! 0.969~20! 0.007~3! 0.005

Rw 1.1%

Fe a11 6404.148~2! 1.613~3! 0.697~2! 0.278 a21 6391.190~4! 2.487~6! 0.339~1! 0.207
a12 6403.295~4! 1.965~5! 0.376~2! 0.182 a22 6389.106~22! 2.339~19! 0.060~1! 0.066
a13 6400.653~19! 4.833~26! 0.088~1! 0.106 a23 6390.275~33! 4.433~12! 0.102~1! 0.065
a14 6402.077~12! 2.803~15! 0.136~1! 0.094

Rw 0.9%

Co a11 6930.425~2! 1.795~2! 0.809~2! 0.378 a21 6915.713~3! 2.406~4! 0.314~1! 0.197
a12 6929.388~6! 2.695~8! 0.205~1! 0.144 a22 6914.659~7! 2.773~10! 0.131~1! 0.095
a13 6927.676~12! 4.555~15! 0.107~1! 0.127 a23 6913.078~23! 4.463~35! 0.043~1! 0.050
a14 6930.941~27! 0.808~27! 0.041~2! 0.088

Rw 0.5%

Ni a11 7478.281~2! 2.013~2! 0.909~2! 0.487 a21 7461.131~4! 2.674~5! 0.351~1! 0.250
a12 7476.529~13! 4.711~15! 0.136~1! 0.171 a22 7459.874~15! 3.039~21! 0.079~1! 0.064

a23 7458.029~48! 4.476~78! 0.024~1! 0.028

Rw 1.0%

Cu a11 8047.837~2! 2.285~3! 0.957~2! 0.579 a21 8027.993~5! 2.666~7! 0.334~1! 0.236
a12 8045.367~22! 3.358~27! 0.090~1! 0.080 a22 8026.504~14! 3.571~23! 0.111~1! 0.105

Rw 0.7%
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the National Institute of Standards and Technology, Ga
ersburg ~MD! @26,27# and the Physikalisch-Technisch
Bundesanstalt, Braunschweig~Germany! @12~a!# but also in
Japan@12~b!# and Italy@12~c!#, to bridge the gap in absolut
wavelength determination between optical and x-ray wa
lengths. A combined x-ray and light interferometric meth
capable of measuring lattice parameters on an absolute
ric scale to a relative accuracy of 1027 or better was devel-
oped and the lattice parameter of highly pure silicon crys
were determined@12,26,27#. The silicon crystal used in ou
measurement was calibrated based on such a measurem

To date, only a few x-ray wavelengths were determin
on an absolute scale using such calibrated crystals to an
curacyDl/l'1026. The value with the highest accuracy
that of the CuKa1, which was measured to an accuracy
@16# Dl/l'331027. The data presented here are, to o
knowledge, the first set of systematic absolute wavelen
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measurements of the 3d transition metal emission lines with
a comparable precision.

The general strategy for the determination of the wa
lengths is presented in Sec. II B. The measured maxim
positions of theKa1,2 and theKb1,3 lines are listed in Table
IV, along with those from the widely used tabulation
Bearden@25#. These data are presented in the original no
tion, using the Å* unit and the probable error~p.e.!. They
are also converted to SI units in the next column us
l(nm)5l(Å * )0.10001481(92) of the 1986 CODATA
least-squares adjustment@85# with the error listed as one
standard deviation~1.48p.e.!. As can be seen, our values a
systematically larger than the original values of Beard
~with the exception of Fe and CoKa2, which have negative
deviations smaller than 431026) by an amount ranging up
to 2.4231025 ~Cu Ka2). A large part of the deviation is, o
course, due to Bearden’s use of thex-unit, rather than the
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TABLE III. Same as Table II, but for theKb1,3 spectra. The weightedR factors here are 1.5–2 times worse than those obtained fo
Ka spectra.

Kb1,3

Peak Ei ~eV! Wi ~eV! I i I int

Cr ba 5947.00~1! 1.70~1! 0.670~5! 0.307
bb 5935.31~9! 15.98~21! 0.055~1! 0.236
bc 5946.24~1! 1.90~2! 0.337~5! 0.172
bd 5942.04~5! 6.69~8! 0.082~1! 0.148
be 5944.93~3! 3.37~4! 0.151~2! 0.137

Rw 1.7%

Mn ba 6490.89~1! 1.83~1! 0.608~5! 0.254
bb 6486.31~7! 9.40~9! 0.109~2! 0.234
bc 6477.73~8! 13.22~15! 0.077~1! 0.234
bd 6490.06~2! 1.81~2! 0.397~5! 0.164
be 6488.83~3! 2.81~4! 0.176~4! 0.114

Rw 1.6%

Fe ba 7046.90~9! 14.17~17! 0.107~2! 0.301
bb 7057.21~2! 3.12~2! 0.448~5! 0.279
bc 7058.36~1! 1.97~2! 0.615~7! 0.241
bd 7054.75~6! 6.38~8! 0.141~3! 0.179

Rw 2.1%

Co ba 7649.60~8! 3.05~1! 0.798~4! 0.449
bb 7647.83~3! 3.58~3! 0.286~4! 0.189
bc 7639.87~8! 9.78~12! 0.085~1! 0.153
bd 7645.49~6! 4.89~8! 0.114~3! 0.103
be 7636.21~20! 13.59~37! 0.033~1! 0.082
b f 7654.13~11! 3.79~16! 0.035~2! 0.025

Rw 1.6%

Ni ba 8265.01~1! 3.76~2! 0.722~4! 0.450
bd 8263.01~2! 4.34~3! 0.358~4! 0.258
bc 8256.67~10! 13.70~16! 0.089~1! 0.203
bd 8268.70~7! 5.18~9! 0.104~3! 0.089

Rw 1.9%

Cu ba 8905.532~2! 3.52~1! 0.757~3! 0.485
bb 8903.109~10! 3.52~1! 0.388~2! 0.248
bc 8908.462~20! 3.55~3! 0.171~2! 0.110
bd 8897.387~50! 8.08~8! 0.068~1! 0.100
be 8911.393~57! 5.31~8! 0.055~2! 0.055

Rw 1.0%
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true SI standard, not available to him at that time. The
converted Bearden data shows a much better agreement
our data, with almost random deviations. Nevertheless, u
careful examination a mean deviation of24.631026 is ob-
served between Bearden’s set and ours, possibly due
small remnant systematic deviation in the conversion fac
Thus, the present results provide a large set of accurate,
calibrated x-ray wavelengths, which should prove useful
a variety of precision measurements involving x rays.
I
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n

a
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D. Linewidth and index of asymmetry

1. Introduction

A frequently used and convenient~but not very accurate!
quantification of the line shape is by its full width at ha
maximum~FWHM! and its index of asymmetry. Both value
allow a comparison with other experimental results and
general classification of our measurements in relation
other reference data. Note, however, that the line shape
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FIG. 1. MeasuredKa and Kb emission lines of Cr~a!,~b!, Fe ~c!,~d!, and Ni ~e!,~f! ~points!. A fit by a sum of a minimal set of
Lorentzians~solid line! is also shown for each line, along with the individual Lorentzians of the set~dashed lines!. The fit parameters are
given in Tables II and III. The fit residuals~DIFF! are shown under each spectrum, with thin lines denoting the62s values of the data,
wheres is the standard deviation due to the counting statistics.
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TABLE IV. The peak wavelengths of the measured lines, on an absolute metric scale. Measurement uncertainties are given in
and the widely used values of Bearden@23,25#, listed in Å* with their probable error~pe! values, are also shown. The fourth column sho
these values in nm units, using the relationl ~nm! 5 l ~Å * )0.100 001 481@85# and the standard deviation 1.483pe. Note the part-per-
million level of accuracy of the present results.

Line Reflectionhkl lBearden~Å * ) Corr. lBearden~nm! l ~nm! ~this work! E ~eV! ~this work!

Cr Ka1 331 2.289 70~2! 0.228 973~3! 0.228 972 6~3! 5414.81~1!

Cr Ka2 2.293 606~3! 0.229 364 0~5! 0.229 365 1~3! 5405.54~1!

Cr Kb1,3 2.084 87~2! 0.208 490~3! 0.208 488 1~4! 5946.82~1!

Mn Ka1 422 2.101 820~9! 0.210 185~2! 0.210 185 4~3! 5898.80~1!

Mn Ka2 2.105 78~2! 0.210 581~3! 0.210 582 2~3! 5887.59~1!

Mn Kb1,3 333 1.910 21~2! 0.191 024~3! 0.191 021 6~4! 6490.18~1!

Fe Ka1 333 1.936 042~9! 0.193 607~2! 0.193 604 1~3! 6404.01~1!

Fe Ka2 1.939 980~9! 0.194 001~2! 0.193 997 3~3! 6391.03~1!

Fe Kb1,3 1.756 61~2! 0.175 664~3! 0.175 660 4~4! 7058.18~3!

Co Ka1 531 1.788 965~9! 0.178 899~2! 0.178 899 6~1! 6930.38~1!

Co Ka2 1.792 850~9! 0.179 288~2! 0.179 283 5~1! 6915.54~1!

Co Kb1,3 620 1.620 79~2! 0.162 081~3! 0.162 082 6~3! 7649.45~1!

Ni Ka1 620 1.657 910~8! 0.165 794~2! 0.165 793 0~1! 7478.26~1!

Ni Ka2 1.661 747~8! 0.166 177~2! 0.166 175 6~1! 7461.04~1!

Ni Kb1,3 444 1.500 135~8! 0.150 016~2! 0.150 015 2~3! 8264.78~1!

Cu Ka1 444 1.540 562~2! 0.154 058 5~3! 0.154 059 29~5! 8047.83~1!

Cu Ka2 1.544 390~2! 0.154 441 3~3! 0.154 442 74~5! 8027.85~1!

Cu Kb1,3 553 1.392 218~9! 0.139 224~2! 0.139 223 4~6! 8905.42~4!
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not be described precisely by a simple asymmetric profile
all cases. Such an approximation is quite good for theKa1,2
lines but a very bad one for theKb1,3 line, where a substruc
ture due to the two unresolved lines of the doublet, theKb1
and Kb3 lines, separated by less than their combined h
widths, is clearly visible~see Fig. 1!. Thus, we have avoided
assigning an index of asymmetry to theKb1,3 lines.

In our measurements the FWHM and the index of asy
metry were determined from the background-correc
Lorentzian fits~see above!. The index of asymmetry is de
fined as the ratio of the half widths at half height on the lo
and high energy sides of the peak@28#. In Table V the
FWHM of Ka1, Ka2, Kb1,3 and the index of asymmetry fo
Ka1, Ka2 are presented. The experimental uncertainties
the values cited in the table were determined taking i
n

lf

-
d

in
o

account multiple measurements and multiple fits of ea
spectrum. They are always,0.05 eV for the FWHM. The
errors for the index of asymmetry are,0.05 eV forKa2 and
, 0.07 eV forKa1. The FWHM and the index of asymme
try are compared in Figs. 2 and 3 with available previo
measurements, not for all of which error estimates are av
able.

2. The Ka linewidths

As can be seen in Fig. 2, the previous measurement
the FWHM values are rather broadly scattered, reachin
factor of two in extreme cases@Cr Ka1 in Fig. 2~a!#. Fur-
thermore, the deviations exceed the error bars, in the
cases where these are available, indicating probable sys
atic errors. Also, a tendency of ‘‘clustering’’ is observed f
ed
TABLE V. The full width at half maximum~FWHM!, index of asymmetry, and corrected integrat
intensity ratios for the measured spectra.

FWHM ~eV! Index of asymmetry I (Ka2)/I (Ka1) I (Kb1,3)/I (Ka1,2)
Ka1 Ka2 Kb1,3 Ka1 Ka2

Cr 1.88 2.52 2.53 1.38 1.01 0.139
Mn 2.47 2.92 2.97 1.49 1.17 0.51 0.139
Fe 2.55 3.14 3.53 1.66 1.24 0.51 0.144
Co 2.33 3.18 4.37 1.38 1.33 0.52 0.137
Ni 2.24 3.16 5.40 1.18 1.21 0.52 0.147
Cu 2.35 3.41 5.92 1.07 1.36 0.52 0.141
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most of the data points with a few obvious ‘‘runaway
points. The fact that most of the previous measureme
yield higher values for the widths than ours indicates a pr
able neglect of, or incomplete correction for, the instrum
tal broadening. Only few of the previous data were correc
for an instrumental broadening, although it was realiz
early that the instrumental broadening has a significant ef
@29# and even simple corrections can lead to a signific
improvement in the results. The ‘‘true’’ FWHM of the emis
sion line can be determined by a simple subtraction of

FIG. 2. The width~FWHM! of Ka1 ~a!, Ka2 ~b! and Kb ~c!
lines of Cr, Mn, Fe, Co, Ni, and Cu, as derived from previo
studies ~listed in the legend by first author name and referen
number! and the present measurements. Note the weak maxim
near Fe for theKa lines and the monotonic increase with Z for th
Kb lines.
ts
-
-
d
d
ct
t

e

FWHM of the spectrometer window from the FWHM of th
measured emission line@29–31#. This approach is exact i
both the emission line profile and instrumental function ha
a Lorentzian shape. Normally this is not the case. For em
sion lines with an obvious asymmetric shape it becomes
exact but still gives a reasonable approximation even for
Kb line shapes@29–31#. The combined fit and deconvolu
tion method of Lee and Salem@32# seems to disagree with
the generalZ-dependent trend of all other measureme
shown in Figs. 2~a! and 2~b!.

Our experience indicates that the determination of
FWHM and the index of asymmetry is especially sensitive
a precise correction for the instrument broadening. In
case of an optimally adjusted spectrometer the instrum
function is nearly symmetric and narrow~see @8#!. A
‘‘broad’’ symmetric instrumental function tends to suppre
the line asymmetry and give systematically too small valu
for the index of asymmetry. This effect cannot be correc
after the measurement. Only experiments with a narr
spectrometer window in an optimized spectrometer se
provide a precise determination of the index of asymme
and the FWHM. Our data are determined with the same
timized spectrometer setup and with a well-defined corr
tion procedure for the narrow spectrometer window. Th
have a higher accuracy than most of the other reference
~see error bars in Figs. 2 and 3!. Additionally they fit into the
above-mentioned ‘‘clusters’’ and present the same gen
Z-dependent trends as the other more comprehensive r

e
m

FIG. 3. Asymmetry indices for theKa1 ~a! andKa2 ~b! lines of
Cr, Mn, Fe, Co, Ni, and Cu, derived from the present measurem
and previous studies.
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ence data@28–31,33,34#. General trends for theZ depen-
dence of the FWHM and the index of asymmetry for thed
transition metals are therefore deduced in the following
ing our data.

The FWHM of theKa lines show a good agreement wi
most of the previous data. Some of these are systematic
too large, as those of Edamoto@35# and Lehnert@36#. The
good correspondence with the early data of Parratt@29#,
which were corrected for resolution effects, show the eff
tivity of even a simple correction procedure. Good agr
ment is also found with the measurements of Bearden@37# as
analyzed by Thomsen@21#. In addition, theZ-dependent
trend of the more comprehensive data sets@28–30,33,34#
agree with those in our data. Generally the FWHM of t
Ka1 line increases from Cr to Fe, has a distinct local mi
mum for Ni and increases once more for Cu. This trend is
same for the FWHM of theKa2 line although there a platea
is observed in the Fe-Ni region rather than a distinct m
mum. The FWHM of theKa2 line is larger than that of the
Ka1 line by 0.5–1 eV. This can be accounted for by t
reduced lifetimes due to theL2-L3M4,5 Coster-Kronig tran-
sition, which is forbidden in the free atom but allowed in t
solid @6,38,39#.

3. The Kb linewidths

For the FWHM ofKb1,3 the number of available previou
data is rather limited@30,35,40–43#. They are presented in
Fig. 2~c!. Their agreement with our data is even better th
for theKa widths. This is most probably due to the fact th
the considerably larger FWHM of the line reduces the re
tive contribution of the instrumental broadening. Neverth
less, the early data of Edamoto@35# and Tsutsumi@40# are
systematically larger than recent measurements. This re
most probably from instrumental effects. Unlike theKa
lines the FWHM of theKb1,3 peak increases monotonical
from Cr to Cu, indicating that the nonmonotonic behavior
theKa widths is probably due to the behavior of theL level
widths rather than theK level ones. The smaller overlap o
the M and K wave functions, as compared to theK and L
ones, may reduce the relative influence of possible simi
sized nonmonotonic contributions originating in the fin
state level widths.

4. Index of asymmetry of the Ka lines

Our results and previous data for the index of asymme
are presented in Figs. 3~a! and 3~b! for Ka1 and Ka2, re-
spectively. The spread of the data is large, probably du
the high sensitivity of the index of asymmetry to the width
instrumental function as mentioned above. A broad ins
mental function should result in a systematically too lo
asymmetry. The data of Meisel@33# and Pessa@28# for the
narrow and highly asymmetricKa1 line indeed show this
tendency; they are systematically smaller than the majo
of the other measurements in Fig. 3~a!. It is clear from the
results that the asymmetry is generally larger for theKa1
peak. Our indices of asymmetry for theKa1 peak are larger
than most of the other data. This is particularly true for M
Fe, and Co, which have the highest asymmetry among thed
transition elements. Our results agree well with those
Blochin @31#, Sorum@34#, and the high-resolution measur
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ments of Onoue and Suzuki@44#. The spread in the reporte
values of the index of asymmetry is even larger for theKa2
line than for theKa1 as shown in Fig. 3~b!. Despite the large
spread, a general trend for theZ dependence of the index ca
be observed. ForKa1 a distinct maximum occurs for Fe
with the index decreasing monotonically towards both
and Cu. This maximum coincides with the maximum in t
FWHM, shown in Fig. 2~a!. TheZ dependence of the asym
metry ofKa2 peak shows two characteristic deviations fro
Ka1. The maximum asymmetry is shifted to Co and the
exists a distinct minimum for Ni, which does not occur f
Ka1. The asymmetry increases once more for Cu. Both
maximum for Co and the minimum of the asymmetry for
are confirmed by most of the other measurements and sh
be, therefore, considered to be real effects.

5. Z-dependent trends

Several attempts have been made in the past to giv
physically motivated, or even a purely empirical function
representation for the experimentally observedZ dependence
of the lines’ characteristic parameters, such as the wi
asymmetry index, etc., over a broadZ range, for use in prac-
tical applications. These attempts were successful for
widths @33,45# and theKa doublet separation@46#. How-
ever, distinct deviations between the smooth representa
and the measured values were observed in all these form
20<Z<30, i.e., in the region of the 3d transition metals
~and, to a smaller extent, also for the 4d transition elements!.
In this Z range the measured widths exceed significant
widths extrapolated from lower- and higher-Z elements.
These deviations were ascribed to the unique electro
structure of the atoms in this range, which have a partly
fully populated 4s shell and an open 3d shell, giving rise to
complicated transition structures in the x-ray emission p
cess. Similar anomalous deviations were observed in
XPS linewidths of the same elements@39,47#. Finster@4# and
Pessa@28# attempted to correlate these deviations with t
number of unpaired 3d electrons in the atom, as calculate
by them. While neither calculation result in an accurate c
respondence, they show a reasonable qualitative correla
with the Z dependence of the deviations. In particular, t
number of unpaired electrons is maximal for iron, whi
corresponds well to the experimentally observed maxima
the FWHM for Ka1 and Ka2 and for the maximum of the
index of asymmetry forKa1.

Tsutsumi @3# proposed that the anomalous widths a
asymmetric line-shape results from an exchange interac
between electrons of the incomplete 3d shell and those of the
2p shell, left open by the x-ray emission process. This w
split theL levels into two sublevels each, and, thus, also e
of the Ka lines into two close lines. Since the separation
the two lines is smaller than their combined widths and th
intensities are unequal, the splitting will yield the skew
line shapes observed. While this model leads to a qualita
improvement in the line-shape fits, and hence also of
widths, the theoretically expected splitting is usually t
small to explain the experimentally observed asymmetry
width. Furthermore, it predicts symmetrical line shapes
atoms having complete 3d shells, like Cu, in obvious con
tradiction with the measurements@48#. XPS measurement
@39,49,50# demonstrated that the excess width of the x-r
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lines results from a broadening of theL II and L III levels
beyond their intrinsic lifetime widths due to strong Coste
Kronig ~CK! transitions. These are allowed in the so
phase, though energetically forbidden in the isolated a
~gas phase! case@39#. The inclusion of the CK transition
greatly improves the agreement of the total line shape an
width with the experiment. Pease@51#, however, showed
based on measured soft x-ray emission spectra of
2p→3s transition, that the CK transitions are insufficient
account for theL level widths over the full 20<Z<30 range,
and that additional~unspecified! nonlifetime effects need to
be included.

Clearly, the simplified approach of addressing only t
width and asymmetry of a line, is insufficient to account f
the shapes of complex spectra such as those of the 3d tran-
sition metals. Thus, attempts have been made to fit the
emission spectrum by a model based on variousab initio, or
semiempirical, calculated transition arrays. Using relativis
Dirac-Fockab initio calculations and high-resolution spe
tral measurements, we have shown recently@5# that both the
Cu Ka and Cu Kb emission spectra could be accurate
reproduced assuming contributions from two transitio
only: the diagram1s→lp and the3d spectator hole1s3d
→lp3d, wherel 52,3 for theKa and theKb lines, respec-
tively. The validity of this approach is further supported
observations of a strong energy dependence of the FeKa
@52# and Ar Kb @53# emission line shape on the excitin
photon energy when photoexcited close to theK edge. For
photons with insufficient energy to excite the initial1s3d,
but sufficient to do so for the lower-energy1s hole state, a
much more symmetric and narrower line is observed.
analysis of the emission lines of 3d transition metals othe
than Cu, based on Dirac-Fockab initio calculations, as well
as excitation energy-dependent measurements of emis
spectra near threshold are in progress@7#.

E. The Ka2 /Ka1 and Kb1,3/Ka1,2 integrated intensity ratios

The accurate knowledge of theKa2/Ka1 and theKb1,3/
Ka1,2 integrated intensity ratios is required for a number
practical applications of x rays, e.g., structure determina
from powder diffraction patterns, like the Rietveld refin
ment technique, etc. In precision single crystal structure
finement methods a quantitative analysis of the intensity
large number of reflections is required, over a large Bra
angle range. Intensity contributions from simultaneously
cited characteristic emission lines, i.e., from theKa doublet
and/or theKa,b lines for a particular reflection cannot a
ways be resolved experimentally. This is particularly true
small Bragg angles. The determination of the quantitat
contribution of each emission line to the measured reflec
requires, in this case, an accurate foreknowledge of the
tensity ratiosKa2/Ka1 and Kb1,3/Ka1,2. Finally, these ra-
tios depend sensitively on the atomic structure. Thus t
have been widely used also for critical evaluation of atom
structure model calculations. We now discuss the value
these ratios as obtained in our measurements.

1. The Ka2 /Ka1 integrated intensity ratio

Our results, along with previous measurements, are p
ted in Fig. 4. TheKa doublet transition is a special case of
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multiplet transition. Applying the Burger-Dorgelo-Ornste
rule @20# to this doublet an intensity ratio of 0.5 is expecte
This value should be independent of the atomic numberZ.
The early measurements of Williams@54# for a selection of
twenty elements fromZ524 to Z552 confirm these predic
tions. The results are statistically distributed and the aver
Ka2 /Ka1 intensity ratio is determined to be 0.5003. Lat
theoretical calculations@55# taking into account exchang
interactions presented slightly larger and also wea
Z-dependent values. These results are supported quan
tively by the experimental observations of McCrary@56# and
Salem @57,58#, which also obtained values slightly large
than 0.5 for theKa2 /Ka1 intensity ratio. To the best of ou
knowledge, more recent experimental studies of
Ka2 /Ka1 intensity ratio of the 3d transition metals are no
available in the literature. For a verification of the theore
cally predicted small deviations ofKa2 /Ka1 intensity ratio
from 0.5 precise corrections of the measured intensities
necessary. This is especially true for the energy-depen
integrated reflectivity of the crystal, which can be calculat
from the dynamical theory of x-ray diffraction@59#, the
energy-dependent absorption of the radiation in the ta
itself, and the intensity contributions from satellite tran
tions included in the doublet lines~see, for example,
@5#!.These energy-dependent corrections are small for
Ka2 /Ka1 intensity ratio, since the energies of both doub
lines are only slightly different. They are considerably larg
for the Kb1,3/Ka1,2 intensity ratio as we discuss below.

A more serious problem for the accurate determination
the Ka2 /Ka1 intensity ratio is the partitioning of the inten
sity of the spectrum between the two lines. The intens
between the doublet lines is nonzero and thus its assignm
is done using additional assumptions, such as an iden
peak shape and/or a fixed ratio of the FWHM of the doub
peaks@56#. These assumptions are not universally valid, p
ticularly in our case where the shapes of theKa1 and the
Ka2 peaks are significantly different~see Table V!. The dif-
ferences are especially large for Mn, Fe, and Co.

In our experiments the energy-dependent corrections
the integrated intensity and the absorption are performed
cording to@8#. The intensity assignment to each of the do
blet peaks is done using the results of the decompositio

FIG. 4. TheKa2/Ka1 intensity ratio, as obtained in the prese
measurements and previous studies. No reliable value could be
rived from the present measurements for Cr, for reasons detaile
the text.
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the doublet into single Lorentzians. The intensity of ea
doublet peak is the sum of all Lorentzians included in t
peak. The results are shown in Fig. 4. They show a v
good agreement with the theoretical predictions for Mn a
Fe, while the values determined for Co, Ni, and Cu exce
Scofield’s@55# theoretical values by 1–2 %, which are, ne
ertheless, still within the 2% experimental uncertainties. T
intensity partitioning method fails completely for chromium
since the CrKa doublet in our measurement has a significa
intensity in between the two peaks and a unique, objec
partitioning of this contribution between the two doub
peaks is not possible. We wish to point out that t
Ka2 /Ka1 intensity ratios in Table V hold for typical exci
tation conditions of x-ray tubes and therefore can be use
analyzing diffraction and other data measured with su
tubes. Also note that both doublet lines include contributio
from satellite transitions and an exact determination of
intensity ratio for the diagram transitions1s→2p1/2 and1s
→2p3/2 requires a separation of these satellite contributi
using a suitable model for the whole transition array. T
was demonstrated for the CuK emission spectra, where con
tributions due to spectator transitions of 20–30 % were
termined @5#. In that case, both doublet lines were nea
equally contaminated by these satellite intensity contri
tions and the pureI (1s→2p1/2)/I (1s→2p3/2) ratio is deter-
mined to be 0.536 0.01, which is in good agreement wit
the value presented in Table V.

2. The Kb1,3/Ka1,2 integrated intensity ratio

In contrast to theKa2 /Ka1 ratio, almost all published
measurements of theKb1,3/Ka1,2 ratio have been done us
ing semiconductor detectors~SD!, since the separation o
these spectra, 500–900 eV for the transition elements, is
siderably larger than the;200 eV resolution of the SD. We
were able to find in the literature only a single experime
using a crystal spectrometer~CS! @58#. This state of affairs is
due to the difficulties in correcting the CS-measured data
the various effects discussed above, and, in particular,
counting for the varying reflection properties of the crys
@60#. In spite of this, the CS is preferable in principle to t
SD for such measurements due to its much higher resolu
as compared to a SD, which reduces drastically the spur
background due to bremsstrahlung and allows a clear s
ration of x-ray satellites, such as theKa3,4 or theKb2,5 lines.
As shown in the preceding section, the reflection proper
of a perfect crystal could be handled numerically. Furth
more, for extracting exact ratios from a SD measured d
significant corrections are required as well@61,62#. The
energy-dependent efficiency of the SD must be known
the corrections for self-absorption and absorption in w
dows and air, mentioned below, must also be carried
when using a SD.

The two CS-measuredKa1,2 and Kb1,3 spectra were re-
corded during two different runs. To avoid complications t
measuring conditions~tube voltage and current, slit widths!
remained the same for both runs. The corrections applie
the raw data after the measurements are as follows: the
sorption in air and in the Be windows of the x-ray tube a
the detector for the different peak emission wavelengths
calculated using absorption coefficients from@14#. The re-
flection Rint of the silicon crystal was calculated using th
h
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dynamical theory based computer codeDIXI @63#.
The background is subtracted from the spectra by le

squares fitting@22# of Lorentzians and a linear backgroun
This is crucial because small changes in the backgro
cause significant changes in the intensity~in the percent
range!. The last correction concerns the self-absorption
the radiation produced in the x-ray tube anode. Becaus
the thick target, it is not possible to neglect this effect. W
used the approach of Sewellet al. @64# who deduced an ana
lytical expression for the correction by using results of tra
experiments. The uncorrected and corrected values for
Kb/Ka intensity ratios, along with the various correctio
factors, are given in Table VI. The formula for the correct
ratio is

I Kb
~cor!

I Ka
~cor!

5
I Kb

~meas!

I Ka
~meas!

Sa

Sb

Ta

Tb

Ra

Rb
,

whereS, T, andR are the self-absorption, the transmissi
through air and Be, and the integrated reflectivity of the cr
tal, respectively. Strictly speaking, the measured intensit
I (meas), are given by an integral of the intrinsic, undistor
intensity over the angular and energy spreads of the inc
ing beam, with each intensity value multiplied by the val
of S, T, andR at that energy and incidence angle. Thus,
obtain the corrected intensity values,I (cor), inversion of this
integral is required. However, as the angular width of t
crystal reflectivity curve is extremely narrow, we have a
proximated the intensity variation over this range to be c
stant, thus allowing the integration to be carried out and
fective correction factors to be expressed as individ
multiplicative factors, yielding the equation above. Wh
this is admittedly an approximation, it should be a very go
one, considering the very narrow widths, a few arcsec on
of the reflectivity curves of the perfect silicon crystal used
the measurements. The necessity of these energy-depe
corrections becomes clear when comparing the uncorre
and correctedKb/Ka intensity ratios listed in the Table VI

Most of theKb-emission lines were measured using tw
different crystal reflections. The CuKa spectrum was mea
sured with 3 different reflection orders, namely, 333, 44
and 620. These independent measurement allow a bette
sessment of the measurements the errors, in particular t
originating in the crystal parameters. We estimated a pr
sion of better than 4%. By using the same reflection in
Ka and Kb measurements the overall error in the ra
should not exceed 5%, as errors of multiplicative nature c
cel. The influence of the energy of the exciting electrons
the Kb/Ka intensity ratio is negligible@65#. A comparison
of this ratio for different excitation mechanisms is given
Perujoet al. @66#.

In Fig. 5 our values are compared with previous resu
Only theoretical results and experiments employing elect
or photon excitation are included, since the prominent m
tiple ionization in the case of heavy-ion excitation strong
alters theKb/Ka intensity ratio@32,67#. Also included in
the comparison are theoretical data from Scofield, Mans
and Jankowski. Of the theoretical results, Manson’s@68#
simple nonrelativistic Hartree-Slater calculations clearly u
derestimate almost all other experimental and theoretica
sults. The more sophisticated relativistic Dirac-Fock calcu
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TABLE VI. The raw and correctedKb1,3/Ka1,2 intensity ratio. The correction factors discussed in t
text are also listed.

Line and I (Kb)/I (Ka) Transmission Self-absorption Reflectivity I (Kb)/I (Ka)
reflection raw ratio ratio ratio corrected

Ta /Tb Sa /Sb Ra /Rb

Cr Ka ~331! 0.427 0.869
Cr Kb ~331! 0.223 1.681 0.139
Cr Kb ~422! 0.417 0.949 0.147

Mn Ka ~422! 0.512 0.920
Mn Kb ~422! 0.131 2.354 0.140

Fe Ka ~333! 0.588 0.929
Fe Kb ~333! 0.136 1.929 0.143
Fe Kb ~531! 0.231 1.206 0.152

Co Ka ~531! 0.655 0.931
Co Kb ~531! 0.066 3.390 0.137

Ni Ka ~620! 0.713 0.933
Ni Kb ~620! 0.062 3.573 0.147
Ni Kb ~444! 0.190 1.190 0.150

Cu Ka ~444! 0.761 0.903
Cu Kb ~444! 3.391 0.141
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so
tions of Scofield@55# and of Jankowski and Polasik@69#,
which also include exchange effects, agree much better
the experimental results. The recent results of Ku¨cükönderet
al. @70# considerably underestimate all other measureme
This may be due to an overcorrection for the particle size
the powdered samples, used in the measurements. As c
seen, our results agree well with most of the other valu
except for Fe and Ni, which seem to be too high. In view
the error bars, it is not clear if this is a real effect. We no
however, that Bere´nyi et al. @65# also find an enhanced rati
for Ni. Our results are consistently at the upper part of
experimental values’ spread, which could hint at a system
deviation in one of the corrections.

FIG. 5. The present, and previous, values of theKb1,3/Ka1,2

intensity ratio. Note the almost constant value across the range
the strong underestimation by the theoretical values of Man
@68#, and measurements of Ku¨cükönder @70#.
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F. Fine structure of the Ka doublet lines

Several studies reported observations of fine structur
the Ka lines of the iron group elements. Schnopper a
Kalata@71# reported such an observation for chromium, a
further reports include chromium~Schnopper and Kalata
@71#, Shah and Das Gupta@72,73#, and Priest@74#!, iron
~Priest@74#!, cobalt~Shah and Das Gupta@73#!, and copper
~Sauderet al. @75#!. By contrast, a large number of early an
recently published studies failed to observe such struc
@28,29,31,34,76–78#. In particular, no evidence for a fin
structure was found in the high-resolution (Dl/l59.7
31026) double crystal measurements of Onoue and Suz
@44# for the chromiumKa1 line, or the studies of Deutsch
and co-workers@77,78# for Cu.

The resolution achievable in the single-crystal instrum
used here is limited by the narrow but finite width of th
spectrometer window. Using the valuesDus /Dud from
Table I we roughly estimate that fine structure of wid
smaller than~0.05–0.12!3FWHM of theKa1 line, i.e., sub-
structures with a FWHM smaller than 0.12–0.25 eV~de-
pending on the different resolution settings for each m
surement!, cannot be resolved with our setup.

The accuracy of the present data is comparable with
results from two- and three-crystal spectrometers. T
FWHM of the Cr Ka1 peak, which was measured with th
lowest-resolution setting of all of our measurements~see
Table I! is 1.88 eV. It is found to be in excellent agreeme
with the 1.87-eV value of the high-resolution study of Ono
and Suzuki@44#, measured using a double-crystal spectro
eter with an asymmetric setup, and the 1.87 eV obtained
the triple crystal spectrometer measurements of Shah

nd
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Das Gupta@73#. This agreement clearly demonstrates t
good resolution and negligibly small instrumental broad
ing in our measurements. In spite of the good resolution
fine structure of the type reported in the studies mentio
above was detected in any of the spectral lines. While f
tures of widths below our resolution, 0.1–0.25 eV, cou
hypothetically remain undetected, the existence of such
tures is highly unlikely considering the lifetime widths of th
3d transition metals’ emission lines.

IV. CONCLUSIONS

We presented here results of a high-resolution and h
accuracy determination of theKa and Kb emission line
shapes of the 3d transition metals chromium, manganes
iron, cobalt, nickel, and copper. The measurements w
done using the same optimized single-crystal spectrome
where special attention was given to minimizing the inst
mental broadening effects. The lattice parameter of the
fect silicon crystal employed was determined on an abso
scale using combined x-ray and optical interferometry t
sub-ppm accuracy.

The most important results of this study are the deter
nation of the absolute peak wavelengths of the lines o
metric scale to an accuracy ofDl/l;1026 and the precise
measurement of the emission line shape. This is impera
for the elucidation of the physical processes underlying
highly asymmetric x-ray lineshapes of the 3d transition met-
als. The linewidths and indices of asymmetry, determin
from the measured spectra, compare well with the best
vious measurements, and also with theoretical calculat
-
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taking into account the significant Coster-Kronig cross s
tion. The curve of theKa widths vsZ shows a characteristic
peak near the iron, while that of theKb widths increases
monotonically with Z. We also presented values for th
Kb1,3/Ka1,2 and Ka2/Ka1 intensity ratios. Both are some
what higher than previous measurements though still wit
the combined experimental error of the best previous s
Finally, an empirical fit by a minimal set of Lorentzians
presented for each spectrum, for use in accurate meas
ments requiring a correction for nonmonochromaticity, li
structural refinements based on powder diffraction patter

The high-quality set of spectra obtained in this study p
vides a broad and accurate data base for testing theore
calculations and predictions concerning the atomic struc
and excitation and deexcitation dynamics in the 3d transition
elements. In particular, it is hoped that a physically mo
vated study, now in progress, employingab initio Dirac-
Fock calculations and the present spectra will allow a d
nite resolution of the long standing question of the origin
the asymmetry of the x-ray emission lines of the 3d transi-
tion elements.
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