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Ko, > x-ray linewidths, asymmetry indices, and [ K M ] shake probabilities in elements Ca to Ge and
comparison with theory for Ca, Ti, and Ge
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We have investigated systematically the K« x-ray spectra in elements from Ca to Ge within Berger’s two-
Lorentzian functions model, using a high-resolution antiparallel double-crystal x-ray spectrometer, in order to
obtain in detail the physical meaning of the asymmetry in the spectral profiles. The overall tendency of the
corrected full width at half maximum of the K« and K, lines as a function of Z, as well as the linewidths, are
in good agreement with the data reported in the literature. It is found, from both the experiments and calculation,
that satellite lines arising from shake-off appear between the K«; and K o, lines. The asymmetry index of Ko
in 3d elements from Sc to Zn is ascribed to the existence of a 3d spectator hole. Moreover, the observed Sc K o)
line shows a symmetric profile unlike the Ti K« line profile, this discrepancy being explained by the existence
of satellite lines on both sides of the Sc profile. Our experimental results yielded around 25% probability for the
probability of shake processes creating a second hole in the 3 p or 3d subshells in Sc and around 18% probability
for creating a second hole the in the 3 p in Ca. For the latter process our calculated value, using multiconfiguration
Dirac-Fock wave functions and the sudden approximation yielded a 10% probability.
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I. INTRODUCTION

Research on the width and shape of the asymmetric Ko
x-ray doublet of 3d elements (21 < Z < 30) has been the
object of interest for a long time, both from the theoretical and
experimental points of view [1]. Although several causes have
been proposed to explain this asymmetry such as, for example,
shake processes [2], conduction-band collective excitations
[3], exchange [4], and final-state interactions [5], the origin of
the asymmetric shape is still under investigation and debate
[6-8].

In order to obtain a simple description of the Cu Ko »
spectrum, Berger [9] assumed a doublet model for each of
the Koy and Ko, peaks and used two pairs of Lorentzian
functions, denominated Koy and K«o,, and Ko and K oy,
respectively, to fit them. A physical meaning for this simple
model was given by Deutsch ez al. [6], based on the theoretical
reasoning that the asymmetry in Cu K« spectra is due to the
existence of shake processes leading to a 3d spectator hole.
When a hole is created in the 1s shell, there is a probability
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that a second hole is created also in the 3d subshell. This
shake-off process leaves the system with two holes and will
be referred to subsequently as [1s3d] shake (or [K M] if the
second hole is created in any of the M subshells). Thus, the
Koy and Kay; Lorentzian peaks would correspond to the
Ko and Ko, diagram lines, respectively, and the Koy and
Koy, peaks to the corresponding satellite lines.

In a similar way, Ito ef al. [10,11] attributed the asymmetry
in Zn K« » spectra to the [1s3d] shake processes. Using the
two-Lorentzian model, Ito et al. [11] and Polasik et al. [12]
investigated the emission line shape in elements Ti to Zn and
concluded that the full width at half maximum (FWHM) of
the Ko line is higher in these elements than the theoretical
values reported by Krause and Oliver [13].

Moreover, Ito ef al. [11] reported that the behavior of the
variation with Z of the K« line FWHM is different from that
of the variation of the K 11 line FWHM, this being ascribed to
the satellite lines resulting from the L,-L3 My 5 Coster-Kronig
transitions. On the other hand, Holzer et al. [7] analyzed these
lines with a single-crystal spectrometer, using a number of
Lorentzian functions that varied from two in Ni and Cu, to four
in Fe and Co, and five in Cr and Mn, respectively. Recently,
Chantler ef al. [8] reanalyzed K« spectra from Sc to Mn,
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already published by other authors, with the single exception of
V whose spectra were obtained by themselves. Again, several
Lorentzian functions were employed to fit the experimental
data.

The satellite lines that explain the asymmetry of K« lines
are originated mostly by shake-off processes. Anagnostopou-
los et al. [14] obtained for the [1s3p] and [1s3d] shake
probabilities in Sc 15% and 38%, respectively. The latter value
agrees with the 40% value estimated by Lowe et al. [15].

As has been emphasized recently by Chantler et al. [16],
experimentally reported linewidths in the transition metals
are in many cases discrepant by 1 eV or more, such as the
widely measured Cu Ko, width which ranges from 2.89 to
4.05 eV. Thus, a long-term controversy still continues about
the origin of the asymmetries affecting the K« x-ray lines
of the 3d elements. Also, a broad symmetric instrumental
function generally tends to suppress the line asymmetry and
yields systematically smaller values for the asymmetry index,
defined as the ratio of the half widths at half height on the
low and high energy sides of the peak. For instance, in the Cu
Ko emission spectrum, the width of the instrumental function
in our antiparallel setting was AE ~ 0.15 eV for the Si(220)
crystal and AE ~ 1.19 eV for the Ge(111) crystal, ten times
larger than the former.

As it was considered that a simple description of the peak
profiles by two Lorentzian functions was acceptable for the
Cu K« lines, in the present work we analyzed systematically
the Ko emission spectra in elements from Ca to Ge using the
same model, in order to elucidate the physical meaning of the
asymmetry index of the lines, and the contribution of the [ K M ]
shake processes. We also investigated the contribution of the
primary targets (Rh and W) to the linewidths and the shake
processes. Moreover, we examined from the theoretical point
of view the shake processes in Ca, Ti, and Ge, together with
their spectral profiles. Our aim is to obtain systematic atomic
information on the Ko« spectra of the 3d elements, using a
high-resolution double-crystal x-ray spectrometer.

II. EXPERIMENTAL METHODOLOGY

The fluorescent K « x-ray spectra of elements Ca to Ge were
measured using a Rigaku double-crystal spectrometer (System
3580EKI) shown schematically in Fig. 1. Similarly to the
single-crystal Johann type x-ray spectrometer, the instrumental
function consists in the convolution of the crystal rocking
curves with the slit function of a Soller slit in the system.
Its resolution depends only on the crystals faultlessness. The
second crystal plays an important role as a shutter, intersecting
the extra rays that do not satisfy Bragg’s law on the first crystal.
Or, alternatively, the first crystal works as a slit before the
second crystal. The (4,+) configuration (antiparallel) double
convolution process of the two instrumental functions results
in an effective high resolution. In the case of a double-crystal
spectrometer with higher order Bragg reflections, it was
possible to make the instrumental function so narrow that a
correction for window function is negligible (see Tochio et al.
[17] for details). For this reason, in the present work we used a
double-crystal spectrometer system. An end-window type was
adopted as the primary x-ray source without the contamination
of the filament material, usually, tungsten.
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FIG. 1. The double flat crystal x-ray spectrometer used in this
work. The first and second crystals are located in the (+4,+)
configuration with the detector. Upon being bombarded by a primary
x-ray beam, secondary x rays are emitted from a sample. The
secondary x rays are diagram lines characteristic of the constituent
elements of the sample. The angle (marked by an arrow) made from
the first and the second crystals moves in tune with the first crystal
and the sample. Unnecessary x rays (marked by a broken line) are
discarded at the second crystal due to being out of Bragg angle. The
most suitable crystals should be selected for the samples.

Experimental conditions are listed in Table I. The observed
Koy, emission spectra for elements Ca to Ge are shown
in Figs. 2 and 3. The symmetric Si (220), Si(111), Si(400),
Ge(111), and Ge(333) reflections were used in both crystals.
As targets, we used CaF, crystal powder for Ca, foils for
Sc, V, Co, and Ni, and plates for Ti, Mn, Fe, Cu, Zn,
and Ge, respectively. The load of the primary x-ray tube
was generally 40 kV, and 60 or 70 mA. The spectra were
measured using an Argg (CH4),; gas flow or a sealed Xe gas
proportional counter. The latter has a good efficiency for high
energy. The available 20 angles are in the 20°-147° range.
Temperature in the x-ray spectrometer chamber is controlled
within 35.0 £ 0.5 °C. Neither smoothing nor correction were
applied to the raw data. For the energy calibration the values
of Bearden [18] were used as references for diagram lines. The
spectrometer vertical divergence slit is 0.573°.

III. THEORETICAL METHODS
A. Relativistic calculations

Theoretical predictions of the shape of K« » diagram and
satellite lines have been performed using the multiconfigura-
tion Dirac-Fock (MCDF) method [19-30]. For the description
of the specific codes and further details, we refer the reader
to Refs. [19,22,27-29]. The MCDF approach has the merit of
including a large amount of electronic correlation with a small
number of configurations [24,25,31-33].

Nuclear size effects were taken into account by using a
uniformly charged sphere, and the atomic masses and the
nuclear radii were taken from the tables by Audi ef al. [34]
and Angeli [35], respectively. Radiative corrections are also
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TABLE I. Experimental conditions of the measurements using a two-crystal x-ray spectrometer. The measurements were done with a tube
voltage of 40 kV and in vacuum, except the one referred to as “Si(220) air”.

VA Samples Analyzing Accumulation time Step Target element Current Number of
Crystal (s/point) [degree (20)] for excitation (mA) measuring times
20 CaF, pellet Si(220) 8 0.0005 Rh 60 3
21 Metal foil Si(220) 20, 500 0.0005, 0.001. 0.002 Rh 60, 70 5
22 Metal plate Si(220) 20 0.0005 "% 70 8
Si(220) 15 0.0005 Rh 60 3
23 Metal foil Si(220) 15, 300 0.001 w 60, 70 6
24 Metal plate Si(220) 15,25 0.001, 0.0005 w 60, 70 4
Si(220) 10, 30 0.0005 Rh 70 4
25 Metal plate Si(220) 20 0.001 w 70 12
Si(220) 30, 60 0.001, 0.0005 Rh 60 9
26 Metal plate Si(220) 10 0.001 w 60 10
Si(220) 30 0.001, 0.0005 Rh 60 12
Ge(333) 20 0.005, 0.002 \"% 60 19
27 Metal foil Si(220) 10 0.0005 w 70 5
Si(220) 10 0.001 Rh 70 5
28 Metal foil Si(220) 20 0.001, 0.0005 Rh 60 8
29 Metal plate Si(220) air 5,10, 50 0.001, 0.0005 w 70 12
Si(220) 5 0.001 w 70 4
Si(220) 10, 20 0.0005 Rh 60, 70 4
Si(400) 5, 10, 60 0.001, 0.0005 w 70 3
Si(220) 50 0.0005 Rh 70 3
Ge(333) 60 0.001 \% 60 5
Si(440) 100 0.001 w 70 1
30 Metal foil Si(220) 2,20 0.0005 w 70 3
Si(220) 20 0.0005 Rh 70 3
32 Metal plate Si(220) 7 0.0005 Rh 60 3

introduced from a quantum electrodynamics (QED) treatment.
The one-electron self-energy is evaluated using the one-
electron values of Mohr and co-workers [36—-39] and corrected
for finite nuclear size [40]. The self-energy screening and
vacuum polarization were included considering the methods
developed by Indelicato and co-workers [21,26,39,41,42].

The code was used in the single-configuration approach,
with the Breit interaction and the vacuum polarization terms
included in the self-consistent field process, and other QED
effects included as perturbations. For the determination of the
transition rate and energy values we calculated independently
the initial and final state wave functions in the so-called opti-
mized level scheme, and the formalism proposed by Lowdin
[43] to treat the nonorthogonality effects was employed.
Further details can be found in Ref. [44]. The length gauge
was used for all radiative transition probabilities.

The transition energy accuracy of the calculations using this
method were studied by Indelicato and co-workers [41] who
found very good agreement with experiments, later confirmed
by Deslattes et al. [45].

Our present computations seem to be slightly better than
those in [45]. Therefore, we can expect that the precision of
our simulations for the satellite line shapes and positions is
much more accurate. In particular, the energy shifts for studied
3d-transition metals is much more accurate, i.e., in the order
of 0.01-0.05 eV.

In what concerns transition rate uncertainties, they depend
on the atomic number and on the considered particular shell,
being higher for low Z atoms and for higher shells. We

estimated the uncertainty in the transition rates from the
relative difference between the values obtained in the length
and velocity gauges. These are of the order of 3% for the
dominant K-shell transitions.

B. Shake-off

A fast removal of an innermost electron causes a sudden
change in the atomic potential, which may originate an
atomic electron excitation to a higher shell (shake-up) or to
the continuum (shake-off). In the incident-particle (photons
or electrons) high-energy limit, one may use the so-called
sudden approximation [46], in which the atomic excitation is
treated separately from the initial vacancy creation process.
Experimental results of Carlson [47] and Carlson et al. [48],
as well as theoretical predictions of Krause and Carlson [49],
Sachenko and Burtsev [50], Santos et al. [51], and Mauron
etal. [52], support the validity of this approximation for atomic
excitation following inner-shell vacancy production.

Within the sudden-approximation framework, the shake-off
plus shake-up probability for removing one or more electrons
from an orbital [v,;), where n and £ are the principal and
orbital angular-momentum quantum numbers and j = £ + 1,
when a hole is created in shell or subshell n'l’j’, is given by

Qurrj (€)= 1= ([(Yuej (AN Ynej (AN = Pe, (1)

where [,¢;(A)) represents the orbital nfj of the neutral
atom and |,,;(AT)) represents the orbital n¢j in the ion A"
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FIG. 2. The observed K, , spectra in elements Ca to Mn are shown with the Lorentzian functions used in the fitting process [6,9,11].
These spectra were measured using the antiparallel double-crystal x-ray spectrometer described in the text. K« is the K« diagram line, and
Kay; is the Ko, line. Koy, and K oy, satellite lines are due to 2p — 1s electron transitions in the presence of an extra 3d hole resulting from
shake processes. The K« line is a satellite line ascribed to a 3 p spectator hole.

whereby a single vacancy has been created in a subshell n'l’ j’
of atom A. N is the number of electrons in orbital n¢;.

The quantity Pg is a correction which arises from the
condition that electron shake-up transitions to occupied levels
are not physically allowed. The corrections for contributions
to filled states (from n’ = 1 to x) is

n'=x

NN’
Pr= Z T 1|<wn’l](A+)|wnZ](A)>| 2

n'=1

where n’ # n, and N’ is the number of electrons in the orbital
designated by n'¢j.

In this work, the electron shake-off plus shake-up proba-
bilities as the result of single K-shell ionization have been

calculated in the sudden approximation model, Eq. (1), using
the multiconfiguration Dirac-Fock wave functions [53] for the
neutral atom (initial state) and for the ion with a single 1s hole
(final state), for selected atoms with 20 < Z < 32. Moreover,
we compared the observed of Ko, spectra in Ca 3d%, Ti
(3d?%), and Ge (3d'%) elements with theoretical calculations
based on the shake processes.

In order to obtain the satellite line intensity Is(Ko )
in Ti, Ca, and Ge (when a hole is created in the K
subshell) we needed to calculate the shake-off plus shake-up
probabilities for production of [1s3d] and [ls3p] for Ti,
[1s3p], [153s], and [1s4s] for Ca, and [1s3d], [1s3 p], [153s],
[1s4p], and [ls4s] for Ge hole states, respectively (see
Fig. 6).
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FIG. 3. The observed K« » spectra in elements Fe to Ge are shown with the Lorentzian functions used in the fitting process [6,9,11]. These
spectra were measured using the antiparallel double-crystal x-ray spectrometer described in the text. K« is the K« diagram line, and K o5
is the K, line. Ky, and K oy, satellite lines are due to 2p — 1s electron transitions in the presence of an extra 3d hole resulting from shake

processes.

For example, in the case of Ti and Ge the shake-off plus
shake-up probabilities for removing an electron from the 3d3,
or 3ds, orbitals [Q x(3d3/2,5,2)] the intensity of each satellite
line relative to the correspondent diagram line Ip(Ka;2) is
given by the Oohashi approach [54],

Tkes
Ok (Bd32,5.2) T

Fkay, ’
Ckior

Is(Kayp)

In(K - ©
p(Kaiz) 1 - Qx(3d3/2,52)]

where Ko ; and I'k,, denote radiative and total level widths,
respectively, with the same meaning as above for the sign “+”,
and K refers to orbital 1s.

IV. RESULTS AND DISCUSSION

A. The observed K« , emission spectra

The K« » spectra of elements Ca to Ge have been measured
several times with a high-resolution double-crystal x-ray
spectrometer. The FWHM of the Koy, and Koy diagram
lines, corrected for the instrumental broadening, are presented
in Figs. 4(a) and 4(b), together with the recommended values
based on experimental results of Campbell and Papp [55].
The values of the obtained averaged line energies, averaged
FWHM, averaged asymmetry indexes, averaged relative in-
tensity ratios for each line in the asymmetric model, averaged
line energies, averaged observed FWHM, averaged corrected
FWHM (CF), and averaged relative intensity ratio in each
Lorentzian model, for Ca, Sc, Ti, Cr, Mn, Fe, Co, Ni, and Ge,

042506-5



Y. ITO et al.

(a) 3.5 4 x excitation with Rh tube (40kV)
o excitation with W tube (40kV) by Si
— ] y Si(400),
> 501 Data|of Campbell VPapp 5i(220) in air
i R Data of Krause & Oliver )
5 by Si(400) |
X 25 ] ?
Y- . Xv/.
o
i ANGe(333)
E 2.0 4 by Ge(azs)\. ! T
s o by Si(440)
. .
[ uil
B 1.5 4 ° e
- =
o
o ..
= e
o 1.0 A KT
o
Cak,
0.5 T T T T T T 1
(b) 35 ] X measured (excitation with Rh or W tube)
% ® excluding the effect of Coster-Kronig
~30 ,
s X e,
x
%5 2.5 x X § X
Y S A S
s e 17
T [
2.0 o] . 4
2 3
o o
- ¥ x77 s °
215 e g8 e
g -8 e
- C e
S PRl
S 1o T
CaF,
0.5 T T T T T T T
xexcitation with Rh tube (40kV)
(c) e excitation with W tube (40kV)
0.5 1 o theoretical (this study)
o theoretical (Mukoyama et al.)
04 1 A . [by Ge(333)
o ° . X,
o~ e
-E;O,a E . by Si(440)
o 4 x by Ge(333)
02 4 “lear, x by si(400)
X “®~ by Si(220) in air
° °
o ¢ o b4 b ﬁ
014 ¢ !
o 3
X
0.0 T - r r —— r
Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ge

Element

FIG. 4. (a) The corrected FWHM (CF) of the K« line of
elements Ca to Ge together with the semiempirical values reported by
Krause and Oliver [13], and recommended values of Campbell and
Papp [55]. The widths of Krause and Oliver are semiempirical values
and those reported by Campbell and Papp are recommended values
based on experimental results. (b) The CF of the K «; line of elements
Ca to Ge is shown together with the recommended values [55]. Open
circles and thick crosses are the values subtracting the Coster-Kronig
broadening effects reported by Nyholm et al. [56]. The CF values
for both the Ko and Kay; diagram lines were obtained from the
observed FWHM through Tochio’s method [17]. (c) Ratio of satellite
to diagram line intensities for elements Ca to Ge, compared with our
theoretical values and those of Ref. [57].

are shown in Table II, as well as the semiempirical natural
linewidths [13], and Campbell and Papp’s recommended
linewidth values [55]. The Lorentzian model was used for an
analytic representation of each K « line [6,9,11], and the fitting
Lorentzian functions are shown in Figs. 2 and 3. The errors
quoted in Table II are thus only statistical errors resulting from
the fitting processes, and the limited reproducibility of the
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experimental setup. To obtain realistic uncertainties, the errors
originating from the energy calibration have to be considered.
Absolute K« 5 and K §; 3 photon energies for all 3d elements
between Cr and Cu can be found in Ref. [7].

Several attempts hitherto have been made to obtain a
physical interpretation of the observed Z dependence of the
lines characteristic parameters, such as the width, asymmetry
index, etc., over a wide Z range. A well-known identification
of the line shape is generally based on its FWHM and its
asymmetry index. Both values allow for a comparison with
other experimental results and a general classification of our
measurements relative to other reference data. However, it
should be noted that the line shape cannot be described
precisely by a simple asymmetric profile in all cases, including
the K « lines, as also suggested by Holtzer et al. [7]. Moreover,
it is noteworthy that various width values from previous
measurements on 3d elements do not include complete
corrections for the instrumental broadening [7]. The advantage
of the double-crystal spectrometer setup lies in the fact that
the “true” FWHM of the emission line can be determined by a
simple subtraction of the crystal dispersion from the FWHM of
the measured emission line [17]. This approach was employed
in this work.

In Figs. 4(a) and 4(b) we can see that the overall variation
behavior with Z of the corrected FWHM of the K«a;; and
Koy lines as a function of Z is well reproduced by the data
reported by Campbell and Papp [55] but the latter, except for
Ca and Ge, are systematically smaller than the present values
by about 20%. We obtained the CF values for both Koy
and Koy diagram lines from the observed FWHM through
Tochio’s method [17]. As seen in Fig. 4(b), the CF values
of the Kay; lines are well consistent with those of the Ka,
from CP [55], and are about 0.5 eV larger than those of the
Kaj; lines from KO [13]. For Zn, they are almost the same
as the calculated values reported in Figs. 4(a) and 4(b). From
the difference of CF values in Koj; and Ky diagram lines,
we can conclude that the L,-L3 M4 5 Coster-Kronig transitions
begin around Sc (Z = 21) and disappear around Zn (Z = 30),
as seen in Fig. 4(b). This is also seen in this figure if we take
into account the Coster-Kronig broadening effects reported by
Nyholm et al. [56]. It is found that the FWHM values of the
Koy lines, excluding the broadening effects, are consistent
with the FWHM of K o, lines from KO [13].

As seen in the analysis of the K« 5 spectra of Figs. 2 and 3,
the increase in FWHM of the K| and K o, diagram lines may
be related to the contribution of the shake processes. According
to the shake process theory, when K-shell ionization is
accompanied by additional outer shell ionization or excitation,
as often happens, the subsequent K« x-ray peaks are shifted
in energy relative to the diagram lines. For instance, the
simultaneous ionization in the K and L shell leads to Ko,
and K oy, satellite lines, easily resolved from the diagram lines
using an x-ray crystal spectrometer. However, when ionization
occurs in K and M or N shells, the K« satellite energy shift
is generally less than the natural linewidth of the diagram
lines. Therefore, the diagram lines, especially in 3d and 4s
elements, can be strongly contaminated by these so-called
hidden satellites.

Two Lorentzian shapes for each diagram line were applied
for the systematic analysis of those elements. K> and Kay)
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TABLE II. The averaged fitting parameters for the K« , spectra using four or five symmetric and two asymmetric Lorentzians. A four-
or five-Lorentzian functions fitting is used for the contribution of the shake processes and obtaining the natural linewidths. The energy, the
FWHM, and the corrected FWHM (CF) are in eV, NIR stands for the normalized intensity ratio, Al stands for asymmetric index, and KO and
CP stand for corrected FWHM from Krause and Oliver [13], and Campbell and Papp [55], respectively. Uncertainties are indicated within
parentheses. All specimens are metallic, except for Ca. In this case a CaF, specimen was used. For all presented cases the primary target was
Rh and the spectrometer crystal was Si(220)x2.

Line Energy FWHM CF KO CP NIR Line Energy FWHM Al NIR
Ca Five sym. fitt. Two asym. fitt.

Koy 3691.687(35) 1.079(6)  1.023(6) 0.98 0.98 100 Koy 3691.631(35) 1.2294) 0.771(2) 100
Ko, 3692.682(45) 2.09(24) 14.3(3.6)

Koy 3688.101(35) 1.015(9) 0.957(9) 0.98 098 46.83(79) Ko, 3688.105(37) 1.235(3)  0.827(6) 49.96(13)
Koy, 3688.849(17) 1.743(57) 10.1(1.1)

Ko” 3694.536(38) 2.43(12) 7.1(1.0)

Sc Five sym. fitt. Two asym. fitt.

Koyp  4090.592(12)  1.309(15) 1.243(15) 1.05 1.06 100 Koy 4090.565(13) 1.635(7) 1.060(14) 100
Koy,  4089.38(14)  2.291(81) 16.1(1.7)

Koy 4085.765(18) 1.421(49) 1.358(49) 1.06 1.19 42.3(4.6) Ko, 4085.770(16) 1.889(11)  0.869(8) 52.55(39)
Koy,  4086.29(19)  3.66(57) 25.2(2.7)

Ko” 4093.484(19) 1.742(31) 5.83(0.18)

Ti Five sym. fitt. Two asym. fitt.

Koy 4510.832(13)  1.393(8)  1.3198) 1.16 1.14 100 Koy 4510.832(16) 1.821(1)  1.224(2) 100
Koy,  4509.604(55) 2.78(10) 25.39(20)

Koy 4504.701(14) 1.757(29) 1.693(29) 1.18 1.41 49.7(2.5) Ko, 4504.692(15) 2.27009)  0.851(2) 52.85(22)
Koy  4505.66(23)  5.12(36) 25.27(68)

Ko"” 4514.029(16) 1.538(24) 3.364(74)

Cr Four sym. fitt. Two asym. fitt.

Koy 5414.682(20) 1.657(12) 1.565(12) 1.35 1.34 100 Koy 5414.759(26) 2.298(8)  1.572(9) 100
Koy  5412.980(75) 4.543(69) 45.4(2.7)

Koy 5405.490(36) 2.090(34) 2.007(34) 1.37 1.78 47.2(2.3) Ko, 5405.417(36) 2.720(21) 0.911(3) 50.09(40)
Koy, 5405.317(55) 5.97(38) 30.5(1.2)

Mn Five sym. fitt. Two asym. fitt.

Koy 5898.731(61) 1.902(15) 1.806(15) 1.48 1.47 100 Ko, 5898.841(62) 2.783(8) 1.712(11) 100
Koy, 5896.707(70) 4.231(68) 48.5(1.6)

Koy, 5887.851(66) 2.125(87) 2.033(87) 1.50 2.08 34.75(4.0) Ko, 5887.702(65) 2.909(11) 1.122(12)  47.55(24)
Koy, 5887.167(90)  4.37(23) 42.7(4.0)

Fe Five sym. fitt. Two asym. fitt.

Koy 6403.782(71) 2.012(30) 1.912(30) 1.61 1.60 100 Koy 6403.859(71)  2.955(9)  1.693(6) 100
Ko, 6401.627(99) 3.871(67) 47.8(3.3)

Koy 6390.939(97) 2.54(11)  2.45(11) 1.62 233  46.6(5.8) Ko, 6390.765(74) 3.031(10) 1.182(12) 47.559(229)
Koy 6389.73(25)  4.123(63) 29.897

Co Four sym. fitt. Two asym. fitt.

Koy 6930.267(57) 1.980(23) 1.857(23) 1.76 1.75 100 Koy 6930.341(60) 2.766(5)  1.549(8) 100
Ko, 6928.220(56) 4.200(46) 41.2(2.0)

Koy 6915.417(68) 2.487(32) 2.373(32) 1.76 241 44.5(1.6) Ko, 6915317(73) 3.116(11) 1.280(21)  49.82(24)
Koy 6914.15(11)  4.473(52) 29.96(70)

Ni Four sym. fitt. Two asym. fitt.

Koy 7478.148(65) 2.229(23) 2.101(23) 1.94 1.92 100 Koy  7478.190(66) 2.744(16)  1.299(5) 100
Ko,  7476.21(11) 4.57(12) 25.9(2.4)

Koy 7460.807(78) 2.934(22) 2.817(22) 1.96 237 53.0(1.6) Koy, 7460.751(86) 3.298(13)  1.176(7) 51.40(21)
Koy,  7459.0(18) 4.04(13) 12.09(82)

Ge Four sym. fitt. Two asym. fitt.

Koy, 9886.47(10)  3.024(10) 2.840(10) 2.78 2.78 100 Kop  9886.50(10)  3.165(7)  1.069(6) 100
Ko,  9882.68(25)  3.68(23) 3.39(40)

Koy, 9855.32(12)  3.008(19) 2.824(19) 2.92 2.78 50.54(32) Ko, 9855.30(12) 3.169(12) 1.077(15)  51.84(13)
Koy 9852.73(25)  3.26(27) 3.18(55)

lines are attributed to the [KM] shake contribution. The
calculated transition probability values after [K M] double
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excitation are shown in Fig. 4(c) together with the observed
relative intensity of Koy and Koy, lines, and the transition
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FIG. 5. Values of the asymmetry index of the Ky and K, lines
in elements Ca to Ge are shown in (a) and (b), respectively (see text
for details).

probability reported by Mukoyama and Taniguchi [57]. We
estimated the [K M] shake probability, not including the 3s
subshell, using the (Ko jp + Kago)/(Kayy + Koy + Koy +
Kay) intensity ratio for Cr to Ge, and the (Ko, + Ko +
Ka")/(Kay; + Kay, + Kag) + Kooy + Ko”) intensity ratio
for Cato V. The calculated [ K M] shake probabilities increase
almost linearly with atomic number, as shown in Fig. 4(c).
However, the observed shake probability has a maximum
around Mn. The asymmetry index value also has a maximum
around this element, as seen in Fig. 5. Owing to the transition of
an electron from the complete 2p subshell to the 1s subshell
by the K« emission, the final state has one vacancy in the
2p subshell. Besides, the exchange interaction between the
electrons of the incomplete 3d subshell of transition elements
and those of the incomplete 2 p subshell in the final state may
be taken in account, as suggested by Tsutsumi and Nakamori
[58], a M-M3M, 5 super Coster-Kronig transition should also
be considered in the transition elements. More recently, Lowe
et al. [15] pointed out that these deviations were ascribed to
the unique electronic structure of the atoms in the elements
with a fully populated 4s and an open 3d subshell, leading
to excitation dynamics in the x-ray emission process. In
particular, the number of unpaired electrons is maximal for
Mn, which corresponds well to the experimentally observed
maximum in the satellite intensity [see Fig. 4(c)].

Moreover, it is noteworthy that the shake probability in
these elements has almost the same value when both W and
Rh targets are used as an excitation origin.
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B. Comparison of experimental data with theoretical
calculations based on the shake processes in Ti, Ca, and Ge

The Al values of Ko and K« lines in these elements are
shown in Figs. 5(a) and 5(b), respectively. It is noteworthy that
in Ge, the Ko and Ko, spectra profiles are symmetric, as
seen in Figs. 5(a) and 5(b), and in Ca the Al value is lower
than 1.0, which means that, for each diagram line, the satellite
lines, mainly attributed to the [1s3 p] shake processes, are on
the higher energy side, as seen in Figs. 2 and 3. However, in
Sc the Al value is almost 1.0 but the satellite line resulting
from the [1s53d] shake process lies on the low-energy side of
the K oy emission line. As the K «” satellite, due to the [1s3p]
shake, is on the high-energy side of the K «, the profile of the
Koy spectrum appears to be symmetric.

For Ti, Chantler et al. [16] reported that the observed
Ko, spectra had symmetric profiles in disagreement with the
results of the Cu Ko; spectra reported by Deutsch et al.
[6]. However, although we measured the Ti Ko, spectra
several times using double Si(220) crystals and two kinds
of the primary targets, Rh and W, we could not confirm the
symmetry of the Ti K« emission line. We found the Al value
shown in Fig. 5.

The shapes of the theoretically predicted spectra for Ti, Ca,
and Ge, obtained as a superposition of different contributions
corresponding to diagram and various satellite lines (the latter
resulting from the creation of particular outer-shell holes), are
compared with the experimental spectra in Fig. 6. The relative
intensities for the satellite lines (i.e., peak areas) have been
evaluated taking into account the results of the shake-off and
shake-up probabilities for the given outer-shell electrons.

According to the theoretical calculation, a contribution from
3d electron satellite lines in Ti clearly exists between the
Koy and Ky lines, as seen in Fig. 6(a). This corresponds
to the position of the observed lines resulting from shake
processes, namely, the Koy, line, in Ti Ko, spectra (Fig.
2). In Fig. 6(a) the Ti K« » theoretical synthesized spectrum
is presented, including diagram and mainly 3d satellite lines.
Moreover, we evaluated theoretically the contribution of the
3d electrons to the diagram lines in the Ti Ko emission lines,
because it is very difficult to obtain experimentally only the
3d electron shake probability contribution in Ti (3d?). Using
Eq. (1) we obtained Q¢ (3d) = 9.4463 x 1072, resulting from
averaging (with standard deviation of 0.007 34) the overlap
integral result for all 3d levels. With this value in Eq. (3) we
got [s(KOlLQ)/ID(KOle) = 0.0671.

From the fitted Ko, spectra we see (Figs. 2 and 3)
that as Z decreases, the Ky, line crosses over the Koo
line in Mn, and in Ca, with no 3d electrons, only the
[1s3p] shake satellite line seems to appear in the Koy
spectrum of this element. The theoretical calculation of the
Ca K« » spectrum, including the contribution from the shake
process, agrees with the observed emission lines as seen
in Fig. 6(b). In Ge, the shift in Ko, x-ray energy due to
the [1s3d] transitions is smaller than the natural width of
the diagram lines, as seen in Fig. 6(c). Therefore, the small
contribution from the satellite line ascribed to the [1s3d]
shake processes is reflected in the asymmetry index, as seen in
Figs. 5(a) and 5(b). The simulations of the effective spectral
shapes predicted theoretically as combinations of different
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FIG. 6. The calculated K« » spectra of Ti, Ca, and Ge are shown in (a) for Ti, (b) for Ca, and (c) for Ge, respectively, together with the
observed ones. The spectra include the contributions of the K« and Ko, diagram lines, and the satellite lines (in different colors, identified in
the legend) predicted on the basis of the shake processes probabilities, [1s3d] and [1s3 p] for Ti, [1s3 p], [153s], and [1s4s] for Ca, and [153d],
[1s3p], [1s3s], [1s4p], and [1s4s] for Ge, respectively. The Lorentzian functions used in the fitting process are also identified, as in Figs. 2
and 3.

contributions corresponding to diagram and various satellite very well the high-resolution experimental emission data. Also
lines have been obtained by using probabilities of shake in the case of open shell Ti our theoretically predicted synthetic
processes for various M and N subshells. As seen for Ca and spectrum is in good agreement with the experimental one [see
Ge in Figs. 6(b) and 6(c), our theoretical predictions reproduce Fig. 6(a)].
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V. CONCLUSIONS

We measured and analyzed systematically the Ko » dia-
gram lines in elements Ca to Ge, using a double-crystal x-ray
spectrometer, considering from the theoretical point of view
the electronic transitions.

The natural linewidths, asymmetry indexes, and [K M]
shake probabilities in elements Ca to Ge are investigated from
the measurement of the K« diagram lines. The averaged
corrected FWHM values of the K« emission line in these
elements are very consistent with the recommended and
semiempirical ones. However, those of the K, line become
large relative to the FWHM values above Mn, but are consistent
with the recommended ones. It is found that the anomaly in the
Ko line is ascribed to the Coster-Kronig broadening effects.

The asymmetry index in the K« spectral profile is larger
than 1.0 from Ti until Zn. Although in Sc the satellite transition
resulting from the [1s3d] shake lies in the low-energy side of
the K« emission line, this line shows a symmetric profile due
to the contribution of the K" satellite line (resulting from the
[1s3p] shake).

Although the asymmetry index of the K «; line profile does
not show a clear behavior as Z changes, it has almost constant
value between elements Fe and Zn. Moreover, it follows that
the asymmetry of Ko, spectra from Sc to Ge is mainly
ascribed to the [1s3d] shake processes.

In elements Ca and Sc, unlike the results reported by Lowe
et al., the shake processes contribution to the diagram lines is

PHYSICAL REVIEW A 94, 042506 (2016)

less than 40%, corresponding to theoretical ones reported by
Mukoyama and Taniguchi [57], and in this work, of around
20%. In Ge, the shake probability is almost consistent with
that in the theoretical one.

Finally, we believe that the information on the K o » spectra
obtained in this study is useful for the theoretical calculations
concerning the electron correlation in the atom and to the
excitation dynamics in the 3d transition elements. We also
believe that our results will be helpful in the detailed study of
line shapes and line energies for Ko, X-ray emission spectra
of 3d metal atoms in a variety of compounds, as very recently
published for Mn compounds [59].
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