PHYSICAL REVIEW A 97, 052505 (2018)
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The KB x-ray spectra of the elements from Ca to Ge have been systematically investigated using a high-
resolution antiparallel double-crystal x-ray spectrometer. Each K f; 3 natural linewidth has been corrected using
the instrumental function of this type of x-ray spectrometer, and the spin doublet energies have been obtained from
the peak position values in KB, 3 x-ray spectra. For all studied elements the corrected K8, x-ray lines FWHM
increase linearly as a function of Z. However, for K 8; x-ray lines this dependence is generally not linear in the
case of 3d elements but increases from Sc to Co elements. It has been found that the contributions of satellite
lines are considered to be [K M] shake processes. Our theoretically predicted synthetic spectra of Ca, Mn, Cu,
and Zn are in very good agreement with our high-resolution measurements, except in the case of Mn, due to
the open-shell valence configuration effect (more than 7000 transitions for diagram lines and more than 100 000
transitions for satellite lines) and the influence of the complicated structure of the metallic Mn.
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I. INTRODUCTION

The K« and K B x-ray emission spectra of the 3d transition
metals exhibit several peculiar asymmetric line shapes not
observed in other elements [1], whose origin has been under
investigation and debate [2-5]. Several mechanisms such
as shake-off and shake-up [6], conduction-band collective
excitation [7], exchange [8], and final-state interactions [9]
were suggested to account for this effect. However, recently,
Deutsch et al. [4], Holzer et al. [S], Anagnostopoulos et al.
[10], Chantler et al. [11], and Ito et al. [12,13] suggested that
the line shapes in K« x-ray spectra could be accounted for
by the diagram transition, and 3s, 3p, and 3d spectator-hole
transitions. Ito et al. [12] reported that the FWHM of the
Kay; peak, which includes the satellite lines corresponding
to the Koy line, shows a different aspect from that of the
Ko peak, corresponding to a K« line, that may be ascribed
to the L,-L3My4 5 Coster-Kronig transitions. More recently,
Ito et al. [13] measured systematically the Ko, spectra in
the elements from Ca to Ge using an antiparallel two-crystal
x-ray spectrometer and elucidated the origin of the asymmetry
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in the Ko emission profile, confirming that the broadening
of the linewidths of K, spectra originates from Ly-L3My s
Coster-Kronig transitions. Combined ab initio Dirac-Fock
calculations and high-resolution x-ray emission measurements
of Kay, spectra for Ca, Ti, and Ge elements show that the
asymmetric line shapes of these emission lines can be fully
explained by considering only the diagram and the 3d spectator
transitions [13]. This interpretation can be also extended to
other 3d transition metals.

The KB, 3 x-ray emission spectrum includes K8’ and K 8"
satellites on the low- and high-energy side of the KB, 3 peak
position, respectively, as explained in the case of copper
[4]. These satellites have also been investigated until now
both experimentally and/or theoretically [1,5,10,14—18] for
all 3d transition metals. Shake-up from the 3d shell was also
shown to account reasonably well for the measured K §; 3 line
shape, although a complete quantitative fitting has not been
reported and possible contributions from other shells were not
investigated [14,17]. The low-energy satellite group, denoted
by Kp’, received special attention, and several other sources
such as exchange interaction [8] and plasmon oscillations [9]
were suggested as its origin. It has been assumed that the line
shape can be fully accounted for by satellites resulting from
3¢ spectator holes in addition to the nominal single-electron

©2018 American Physical Society
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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 the current of 60 mA under vacuum. The
step used 20 = 0.001°. The analyzing crystal was Si(220).

Element Specimen Line Accumulation time
(s/point)
Ca(Z =20) CaF, KB 3,KpBs 85
Sc (Z =21) Metal KBi3,KpBs 75
Ti(Z =22) Metal KpBi3,KBs 75
V(Z =23) Metal KpBi3,KpBs 75
Cr(Z =24) Metal Kpi3,KpBs 60
Mn (Z = 25) Metal KpBi3,KpBs 50
Fe (Z = 26) Metal KB 3,KBs 50
Co (Z =27) Metal Kpi3,KpBs 50
Ni (Z = 28) Metal KpBi3,KBs 50
Cu (Z =29) Metal KpBi3,KpBs 40
Zn (Z = 30) Metal KB 3 30
Ge (Z = 32) Metal KBi3 40
Ge (Z =32) Metal KpBi3,KpBs 50

diagram transitions. Recently, Limandri et al. [ 19] reported that
the peak in the low-energy side of the K8 3 lines in Cr and Ni
is due to the radiative Auger effect (RAE) of K-M; 3 M4 5.

In the present work we performed a detailed systematic
analysis of the Kf x-ray emission spectra for elements from
Cato Ge using the simple Lorentzian model [12,13] in order to
elucidate the spin doublet energies of the K 8, 3 spectra and the
satellite contribution of the [ K M ] shake process. Moreover, we
have evaluated theoretically the [ K M ] shake processes and the
M2-M4’5M4’5, M3-M4,5M4,5, and Mz-M3M4’5 super—Coster—
Kronig transitions for the KB emission spectra in elements
from Ca to Ge. We have also compared the shapes of the
theoretically predicted Kf; 3 x-ray spectra for Ca, Mn, Cu,
and Zn elements, obtained as a superposition of contributions
corresponding to diagram and M -shell satellite lines (the latter
resulting from the creation of particular M-subshell holes),
with the measured high-resolution x-ray spectra structures.

We also calculated the lifetime K 8 3 linewidths for five 3d
elements and the corresponding energy split.

II. EXPERIMENTAL METHODOLOGY

In the present work we used a Rigaku (3580EKI) double-
crystal spectrometer. The experimental conditions for the
measurements are given in Table 1. Using Bragg reflections
with this spectrometer, the true FWHM of the emission line can
be determined by a simple subtraction of the convolution in the
crystal dispersion from the FWHM of the measured emission
line [20] (see Ref. [13] for details). With a Rh end-window
x-ray generator operating at 40 kV, 60 mA, the emitted Kf
spectra in elements from Ca to Ge (see Figs. 1 and 2) were
recorded with a sealed Xe gas proportional counter in the
symmetric Si (220) Bragg reflection of the double-crystal
spectrometer at an angular step of 0.001 degrees in 26. The
vertical divergence slit is 0.573 degrees in this spectrometer.
Acquisition time was 50-85 s/point (see Table I). Neither
smoothing nor correction was applied to the raw data. Each
spectrum was repeated three times. The energy values of

Bearden [21] were taken as starting points for the diagram
line fitting parameters. We used CaF, crystal powder for Ca,
metal foils for Sc, V, and Co, and metal plates for Ti, Mn, Fe,
Cu, Zn, and Ge, respectively.

III. THEORETICAL BACKGROUND
A. Relativistic MCDF calculations

Theoretical predictions of the shape of the Kf; 3 x-ray
diagram and satellite lines have been performed using the
multiconfiguration Dirac-Fock (MCDF) method, which is the
primary theoretical tool applied in atomic physics. Thanks
to the ease of performing large-scale calculations, it is even
possible to include electron correlations [22-29] to a large
extent. The MCDF method allows for the determination of
many of the significant atomic parameters, such as the structure
of the energy levels and the level widths corresponding to
the studied transitions. Our calculations have been done with
the GRASP (General-Purpose Relativistic Atomic Structure
Package) package [23,25,26], and with the Relativistic Gen-
eral Purpose Multiconfiguration Dirac-Fock code (MCDFGME)
developed by Desclaux and Indelicato [28,29].

The MCDF method is described in detail in many papers
[22-29]. The approximate relativistic Hamiltonian for an N-
electron atom is taken in the form

N N
H=Y ho@)+ Y Vi), (1)
i=1

j>i=l1

where /(i) is one-electron Dirac Hamiltonian, and Vj(i, )
describes the sum of Coulomb repulsion and Breit interaction
between the ith and the jth electron. In the MCDF method
the wave function describing an N-electron atomic state,
characterized by the quantum numbers J (determining the
value of the total angular momentum) and M (determining
the value of the projection of the total angular momentum
on the quantization axis), and parity p, is assumed in the
form [22]

W(IMP) =" cn($)D(ymd MP), 2)

m

where ®(y,, J M?) are N-electron configuration state functions
(CSFs) built from one-electron Dirac spinors, c,,(s) are the
configuration mixing coefficients for state s, and y,,, contains all
information necessary to uniquely define the respective CSFs.

The need of applying the MCDF method to these
calculations is a consequence of the fact that in the case
of open-shell states a given nonrelativistic configuration
corresponds, usually, to several relativistic configurations.
Therefore, to correctly describe an N-electron atomic state
with a given set of quantum numbers and parity p, the
intermediate coupling scheme must be used and the W, (J M?)
function must be represented as a combination of ®(y,,J M?)
wave functions, according to Eq. (2). In the calculation of
the x-ray spectra structure, all the states (whichever values of
quantum numbers they have) corresponding to the set of initial
configurations and all the states corresponding to the set of final
configurations are simultaneously taken into account [24]. It is
worth mentioning that the application of the relativistic MCDF
method, taking into account Breit interaction and two quantum
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FIG. 1. The observed KB, 3 spectra in elements Ca to Mn are shown with the fitting Lorentzian functions. These spectra were measured
using the antiparallel double-crystal x-ray spectrometer described in detail in Ref. [13]. In this figure, the K" line is a satellite line resulting

from a 3 p spectator hole (see Ref. [11] and references therein).

electrodynamics corrections (so-called QED corrections:
self-energy and vacuum polarization) is crucial to reliably
determine the significant atomic parameters with the highest
possible accuracy.

The calculations of radiationless super—Coster-Kronig tran-
sitions for all studied elements have been carried out by means
of the Flexible Atomic Code (FAC) [30], which is based on
a modified Dirac-Fock-Slater (DFS) method [31]. In general,
the multiconfiguration DFS method is similar to the MCDF
method, but a simplified expression for the electronic exchange
integrals is used.

B. Electron shake probabilities in sudden approximation

The ejection of an inner-shell electron in an atomic system
may lead to the excitation of outer-shell electrons to higher

bound levels or to the continuum. These processes of additional
monopole excitation and ionization are called shake processes,
and they have been studied since the 1940s by Feinberg [32]
and Migdal [33]. They give rise to intense satellite structures in
all the inner-shell spectroscopic experiments (x-ray emission,
x-ray absorption, Auger, and photoelectron spectra). Nowa-
days, unlike in the early studies in which all the shake processes
were called shake-off, one distinguishes between the shake-up
(SU) and the shake-off (SO) processes. In the SU processes an
electron is excited into the bound states, while in the SO pro-
cesses it is ejected into the states of the continuous spectrum.

The perturbative character of the SO and SU mechanism
allows us to apply the so-called sudden approximation (SA)
[34] for high-energy incident particles (photons or electrons).
In this approach, the shake mechanism is described as a two-
step process, where in the first step the photoelectron is ejected
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FIG. 2. The observed KB, 3 spectra in elements Fe to Ge are shown with the fitting Lorentzian functions. These spectra were measured
using the antiparallel double-crystal x-ray spectrometer described in detail in Ref. [13]. In this figure, the K" line is a satellite line resulting

from a 3d spectator hole (see Ref. [4] and references therein).

and in the second step the remaining electrons experience
an electrostatic potential change such that the projection of
the initial electron wave function on the final wave functions
governs the shake probabilities. The experimental results of
Carlson and Krause [35] and Carlson et al. [36], as well as
theoretical predictions of Krause and Carlson [37], Sachenko
and Burtsev [38], Santos et al. [39], and Mauron et al. [40],
support the validity of this approximation for atomic excitation
following inner-shell vacancy production.

The SO and SU probability for removing one or more
electrons from an orbital |1,,¢;), where n and £ are the principal
and orbital angular-momentum quantum numbers and j =
L+ %, when a hole is created in shell or subshell n’l’ j’, within
the sudden approximation approach, is given by

Qurrjr(n€j) = 1 = (Y (AN [Yngj () 1Y = Pe, ()

where [,0;(A)) and [v,; (A™)) stand, respectively, for the
orbitals nfj of the neutral atom and the orbital n¢;j in the ion
AT whereby a single vacancy has been created in a subshell
n'l'j’ of atom A. N is the number of electrons in subshell n¢;.

The condition that electron shake-up transitions to occupied
levels are not physically allowed is expressed by the correction
Pg. The correction for contributions to filled states (fromn’ = 1
to x) is

n'=x ,

2

n'=1

F=

(Wi (AD) e (A)) 2, )

2j+1
where n’ # n, and N’ is the number of electrons in the subshell
n'ej

In this work the M-subshell electron shake-off plus shake-
up probabilities, [KM], as the result of single K-shell
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TABLE II. The averaged fitting parameters for the K g, 3 spectra
from the elements Ca to Mn using four or five symmetric Lorentzians.
Intensity ratios are normalized. 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 (eV) Int. ratio
Ca(Z =20) Line Energy (eV) Int. ratio
KBi3 4012.644(22) 100
KB 4008.83(12) 2.37(20)
KB' 4016.598(35) 6.67(15)
KBs 4029.454(49) 4.113(71)
Sc(Z =21) KB 4460.609(25) 76.0(1.7)
Kps 4459.757(34) 62.3(5.5)
KB, 4458.553(44) 100
KB, 4448.46(11) 9.29(18)
KB 4464.341(19) 4.57(15)
KBs 4486.063(65) 3.191(34)
Ti (Z = 22) KB 4931.953(75) 100
Kp; 4391.034(88) 55.7(4.7)
KB, 4929.324(89) 84.7(4.3)
KB, 4924.45(15) 70.5(1.3)
KB’ 4935.702(79) 0.98(14)
KpBs 4961.545(29) 6.65(25)
V(Z =23) KB 5427.416(50) 100
Kps 5426.460(74) 45.2(7.4)
KB, 5424.301(26) 57.6(4.5)
KB, 5417.829(87) 72.5(3.3)
KpBs 5461.591(55) 5.73(33)
Cr(Z =24) KB 5946.758(42) 100
KB; 5945.556(46) 52.6(3.3)
KB, 5942.497(38) 38.7(3.4)
KB, 5936.09(19) 72.8(1.8)
KBs 5985.814(37) 5.889(49)
Mn (Z = 25) KB 6490.57(11) 100
Kps 6489.17(13) 50.1(4.2)
KB, 6485.45(23) 36.3(6.8)
KB, 6478.30(19) 71.8(2.3)
KBs 6534.54(18) 4.37(25)
Fe (Z = 26) KB 7059.989(66) 100
Kps 7056.21(19) 53.5(4.8)
KB, 7052.70(55) 28.6(5.7)
KB, 7045.97(20) 71.8(4.9)
KpBs 7108.413(56) 4.10(24)
Co (Z=27) KB 7649.498(71) 100
Kps 7647.115(92) 53.6(3.8)
Kp 7639.75(12) 61.7(2.2)
KB’ 7653.726(69) 2.07(59)
KpBs 7705.008(81) 2.65(14)
Ni (Z = 28) KB 8264.98(14) 100
Kps 8262.90(16) 78.(14.)
KB, 8256.52(22) 59.6(7.3)
KB, 8267.49(28) 16.2(4.7)
KB, 8270.00(34) 7.8(2.6)
KBs 8327.45(24) 2.73(34)
Cu (Z =29) KB 8905.35(11) 100
Kps 8902.97(12) 59.6(3.7)
KB, 8898.849(95) 39.6(1.4)

TABLE II. (Continued.)

Line Energy (eV) Int. ratio
KB, 8908.26(14) 24.6(2.5)
KB, 8911.31(25) 7.6(1.4)
KpBs 8976.84(18) 1.968(92)
Zn (Z = 30) KB, 9572.234(26) 100
Kps 9569.322(18) 48.2(1.9)
KpB 9565.03(16) 16.9(1.5)
Kp 9576.439(84) 20.18(90)
Ge (Z =32) KB 10982.169(17) 100
Kps 10977.961(11) 44.9(2.8)
KB, 10975.24(20) 11.9(3.2)
KB, 10988.193(84) 8.08(57)
KpBs 11099.732(45) 3.03(98)

ionization have been calculated in the SA model [Eq. (3)] using
the MCDF wave functions [41] for the neutral atom (initial
state) and for the ion with a single 1s hole (final state), for
selected atoms with 20 < Z < 32.

TABLE III. The corrected FWHM (CF), in eV, and the lifetime
linewidths computed in this work (Theory) using the MCDFGME
code, for the K, ;3 x-ray diagram lines, are presented for elements
Ca to Ge, respectively. For Ni there are two calculated values for each
linewidth, depending on the ground-state configuration (see text for
explanation).

KB linewidth K3 linewidth

CF Theory Other CF Theory Other
Ca (Z = 20) 1.97° 1.97
Sc(Z=21) 1.007(23) 1.04(4)>  1.630(95) 1.85(10)°
2.03 2,03
0.93°
Ti(Z=22) 1.20020) 1.02 2.09* 1.73(12)  1.17 2.09*
V(Z=23) 1448(32) 2.16° 2.08(13) 2.16*
Cr(Z=24) 1611025 2222 2.45(11) 2222
Mn (Z =25) 1.899(43) 2312 2.78(24) 2312
Fe (Z =26) 2251(43) 242 3.14(24) 2422
Co(Z=27) 2.838(66) 2.55° 4.19(18) 2532
3.05(1)° 3.58(3)°
Ni(Z=128) 2.97(19) 57CGF)  2.69° 4.03(15) J0GF) 269
31CD) 3.76(2)¢ 14 (D) 43403y
Cu(Z=29) 320(13) 4.60 3.29* 3.47(12)  4.64 3.29°
3.52(1)° 3.52(1)¢
3.294 3.29¢
3.25¢ 3.25¢
Zn(Z =30) 3.59(19) 4.98 3.72° 3.56(23)  5.02 3.720
Ge (Z =32) 420(51) 4.94 4200 4.13(17)

2Campbell and Papp [42].

® Anagnostopoulos et al. [10].
‘Holzer et al. [5].

dPham et al. [15].
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FIG. 3. The corrected FWHM (CF) of the K, line of elements
Cato Ge together with the recommended values reported by Campbell
and Papp [42]. The width of the Ca KB, line was obtained by
extrapolating the linear function by the least-squares method using
KB, linewidths.

IV. RESULTS AND DISCUSSION

A. The observed Kf, 3 emission spectra

The K ;3 spectra of elements Ca to Ge have been measured
three times each, using a high-resolution double-flat crystal
x-ray spectrometer. The values of the obtained averaged line
energies and averaged relative intensity ratios for each line in
each Lorentzian model, for Ca, Sc, Ti, Cr, Mn, Fe, Co, Ni,
Zn, and Ge, are shown in Table II. The corrected FWHM (CF)
for the K8, and KB; diagram lines are presented in Table III,
and Figs. 3 and 4, respectively, together with values reported
by other authors. The CF values were taken from the observed
FWHM through Tochio’s method [20]. Table III shows also the
lifetime linewidths, calculated in this work using the MCDFGME
code. The latter values do not include the spread in energy due
to the multiplicity of initial and final transition levels.

For Ni, we present two values for each linewidth, depending
on its ground-state configuration. Although the lowest energy
level of Ni is [Ar]3d®4s? 3 Fy, the [Ar]3d°4s 3 Dy level stands
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FIG. 4. CF of the K 5 line of elements Ca to Ge is shown together
with the recommended values [42].

TABLE IV. Measured and calculated KB, ; x-ray diagram lines
spin doublet energies for Ca to Ge, and values obtained by other
authors.

K,Bl.3 Sp]lt
This work, Exp This work, Th Other
MCDFGME GRASP

Ca(Z =20) 0.38 0.26 0.27*

Sc(Z =21) 0.852(12) 0.39*

Ti(Z =22) 0.919(18) 0.542

V(Z =23) 0.957(73) 0.71%

Cr(Z =24 1.202(12) 0912

Mn (Z =25) 1.403(74) 1.15%

Fe (Z = 26) 1.695(70) 2.46 1.44*

Co(Z =27) 2.383(54) 1.77%

1.77¢

Ni (Z =28) 2.078(48) 1.81 2.11%

2.00°

Cu(Z =29 2.381(19) 2.51 2.30 2.49%

2.424

2.56°¢

Zn (Z =30) 2.912(19) 3.02 2.82 3.24%
Ge (Z =32) 4.208(13)

2Misra et al. [43].
bG. Holzer et al. [5].
‘Pham et al. [15].

only 0.0254 eV above the ground energy, which means that
in experiments at room temperature that level will certainly be
highly populated. The uncertainties associated to the calculated
linewidths are dominated by the uncertainties in the K-level
widths. These were estimated by comparing the MCDFGME
results for the radiative transitions in the length and velocity
gauges and assuming they are of the same order for the
radiationless transitions. With this approach the uncertainty
was found to be about 2%.

The KB, 3 spin doublet values observed and calculated in
this work are presented in Table IV and Fig. 6, together with
other observed values [4,5,10] and the recommended values
based on the experimental results of Campbell and Papp [42],
the values obtained from a refinement of the modified Moseley
plot method by Misra et al. [43], and Pham et al. [15]. The
Lorentzian model was used for an analytic representation of
KB x-ray lines [4,14], and the results of the fitting analyses
are shown in Fig. 1 for elements from Ca to Mn, and in Fig. 2
for elements from Fe to Zn, and Ge. (The atomic data and the
spectral diagram of Ni K §; 3 were independently measured and
analyzed from Menésguen et al. [44]. In the 3d K B, 3 spectral
analysis, we referred to their method.) The errors quoted in
Table II are thus only statistical errors resulting from the fitting
processes and the limited reproducibility of the experimental
setup. To obtain realistic uncertainties, the errors originating
from the energy calibration have to be considered. Absolute
K B, 3 photon energies for all 3d elements between Cr and Cu
can be found in Refs. [5] and [45].

The search for a physical interpretation of the line charac-
teristic parameter (such as the width, asymmetry index, etc.)
dependence on Z over a wide Z range has been the object of
several works [4,5,10]. The FWHM and the intensity ratio in
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KB lines constitute the basis of a well-known identification
of the line shape. The values obtained in this work for these
two quantities allow for a comparison with other experimental
results and to other reference data. We note, however, that,
as also suggested by Holzer ef al. [5], a precise description
of the line shape by a simple asymmetric profile is not
possible in all cases, including the K lines. Also, complete
corrections for the instrumental broadening have not been
included in width values obtained in several measurements
on 3d elements [5]. The double-crystal spectrometer setup
has the advantage of allowing for the determination of the
emission line true FWHM by a simple subtraction of the con-
volution in the crystal dispersion from the FWHM of the
measured emission line [20]. This approach was employed in
this work.

In Fig. 3 we can see that the overall variation behavior
with Z of the CF of the KB, line, as a function of Z, may
be linearly fitted with the function W = 0.300 x Z — 5.445
and, using this function, the corrected Ca KB, spectral line
FWHM, 0.556 eV, was obtained, as seen in Fig. 3.

As seen in Fig. 4, the CF values of the Kf; lines are
very different from those of the Kf; from Campbell and
Papp [42], although the values are consistent with the latter
for the elements Cu to Ge. As the Ca K83 CF could not
be obtained using the fitting method, this value was found
by the extrapolation of the linear function obtained by the
least-squares method from the K3 emission lines values in
the elements Zn and Ge. Its FWHM was found to be 0.558 eV.
These values are in good agreement with each other.

From the difference of CF values in K §; 3 diagram lines, we
considered that the change of the FWHM in the Kf; spectra
from elements Sc to Ni, could be ascribed to the M-My s M, 5
and M3-My sMy s, or My-M3M, s super—Coster-Kronig tran-
sitions, as seen in Fig. 4. However, according to our theoretical
calculations, M,-M3 M, s super—Coster-Kronig transitions are
possible only for elements from Ti to Fe and their widths are
very small, i.e., in the range of 0.006-0.015 eV. The results
of our detailed theoretical calculations of M,-M4sM4 s and
M3-M4 5 My 5 super—Coster-Kronig transitions for all studied
elements from Sc to Ge, obtained using DFS method in
the framework of the FACpackage, are presented in Fig. 5.
However, these results also do not explain fully the change
of the FWHM in the K85 spectra from Sc to Ni.

Using the FWHM of the Zn and Ge K3 line, the Ca K3
linewidth was obtained, and its value was almost the same
as that of the Ca Kg; linewidth. The difference between the
observation and the value extrapolated is around 0.5 eV from
Sc to Ni. Around the Co K 3 line, there is a maximum in the
width. The difference is not clear yet.

It is worth noting that Lorentzian shapes for diagram and
satellite lines were applied for the systematic analysis of all
studied elements. In the case of Cu, we assumed that the
KB’ and KpB” satellite lines are attributed to the [ K M] shake
contribution, following Ref. [4]. Therefore in this paper the
transition probability values for [ K M ] shake double excitation,
as the result of single K -shell ionization, have been calculated
in the SA model for Cu and all other studied elements.
Moreover, the correspondence between observed and predicted
KB, 3 x-ray spectra has been investigated and is presented in
Sec. IVB.

< 4.0

E M, -M;sM,5
& M3 -M,sM, 5

_: 4

B 3.01

3 ]

20

g ]

; 2.0:

@

17

[*] 4

Q@ 1.0
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o

3

m .
Ca STc Ti V Cr Mn Fe Co Ni Cu Zn = Ge

Element

FIG. 5. Theresults of theoretical calculations of M,-M, s M4 s and
M;5-M, s M, s super—Coster-Kronig transitions for elements from Sc
to Ge, obtained using the DFS method in the framework of the FAC
package.

More recently, Pham et al. [15] and Lowe et al. [46] 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 change in the satellite intensity, as
seen in Fig. 1. Details of the theoretical approaches can be
found in Sec. IVB.

From the fitting analysis of K B; 3 spectra in 3d elements,
each KB, 3, KB, and KB", etc., peak energy, was obtained as
seen in Table II. Also, the observed split energy values between
KB, and K B3 spectra in Table IV are shown in Fig. 6. The split
energy is represented by the function of log,, S = 0.0642 x
(Z —24.88617) 4+ 0.1491 as seen in Fig. 6. At the present
time, the physical meaning of this function is not clarified.

10.0+ | |
] ‘o Energy of split/ (observed)

1 mHolzeretal.[5
{ X Anagnostopoulos|et al. [10]
i |a Phametal. [15]

[eV]

Split between K/, and Kf3; (S)

1.0 S
R 24K

T
T

Ca Sc Ti V Cr Mn Fe Co Ni ('Iu in Ge
Element [Z]

FIG. 6. The spin doublet energies of KB, and Kf; lines for
elements Sc to Ge. The least-squares fitting was executed using both
data in the present work.
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FIG. 7. Comparison of the high-resolution experimental spectra
with the predicted KB, 3 spectra of Ca including the contributions
of the KB, 5 diagram lines and the satellite lines (in different colors,
identified in the legend) for [1s3 p], [1s3s], and [1s4s] hole states.

In what concerns the accuracy of our MCDF predictions,
we estimate that the precision for the calculated values for the
positions of the K, and K 3 x-ray diagram lines is in the order
of 0.1-0.2 eV. Moreover, some of the approximations included
in the code tend to affect both energy values in a similar way, so
that their effect may partly disappear from differences such as
energy shifts. Therefore, we can also expect that the precision
of our simulations for diagram and satellite line shapes and
positions should also be high.

B. Comparison of experimental K, ; x-ray spectra with
theoretical predictions based on the shake processes for Ca, Mn,
Cu, and Zn elements

In order to unravel the origin of the experimental spectra
shapes, the theoretically predicted K §; 3 x-ray spectra for Ca,
Mn, Cu, and Zn elements, obtained as a superposition of differ-
ent contributions corresponding to diagram and satellite lines
by using probabilities of shake processes, have been compared
with the experimental ones (see Figs. 7-10). The synthesized
spectra for all diagram and satellite line contributions of K 3
x-ray spectra are the sum of the individual transitions, assuming
for each a Lorentzian line shape with specific FWHM.

In the case of all analyzed elements we have found that for
all predicted diagram lines to reproduce well the shape of the
K B, 3 x-ray experimental spectra, we needed to slightly modify
the specific linewidths provided on the basis of Campbell and
Papp data [42]. Thus, for the KB 3 x-ray diagram lines of
Ca, Mn, Cu, and Zn, we have obtained from our modeling the
following linewidths: 1.3, 1.8, 4.1, and 4.2 €V, respectively.
For the satellite lines we have calculated the linewidths from
the recommended level values of Campbell and Papp [42].
Therefore, for the [153 p] satellite lines of Ca, Mn, Cu, and Zn
the linewidths found are 3.7, 4.2, 7.7, and 8.4 eV, respectively.
In turn, for Mn, Cu, and Zn, the obtained values for the
[1s3d] satellite linewidths are 1.8, 4.1, and 4.2 eV, respectively.
Moreover, for the [1s3s] and [1s4s] satellite linewidths of Ca
we have obtained 3.6 and 1.3 eV, respectively. Corrections

Energy (eV)

FIG. 8. Similarly as in Fig. 7, but for Zn, with the 3d'4s? valence
configuration in the ground state.

for the instrumental broadening have not been included in our
predictions.

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 SA model, Eq. (3), using MCDF wave
functions [41] for the neutral atom (initial state) and for the ion
with a single 1s hole (final state), for atoms with 20 < Z < 32.
For clarity of our discussion we have considered two kinds of
elements, characterized by radically different valence electron
configurations in the neutral atom ground states, i.e., the
elements with closed-shell configurations, such as Ca ([Ne]
3523 p%4s?) and Zn ([Ne] 3523 p®3d'%45?), and elements with
open-shell configurations, such as Mn ([Ne] 3523 p©3d34s?).
Here [Ne] means the electronic configuration of the neon atom.

First we have compared the theoretically predictions for
closed-shell configurations in the case of elements Ca (Fig. 7)
and Zn (Fig. 8). For Ca, the relative intensities for diagram
and each satellite lines (i.e., peak areas) have been evaluated
taking into account the results of the shake-off and shake-up

Intensity

T T T T T T T T T T = r—ass
8890 8895 8900 8905 8910 8915 8920
Energy (eV)

FIG. 9. Similarly as in Figs. 7 and 8, but for Cu, with the 3d'%4s
valence configuration in the ground state.
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FIG. 10. Comparison of the high-resolution experimental spectra
with predicted KB 3 spectra for Mn with the 3d°4s? open-shell
valence configuration, including the contributions from the Kp 3
diagram lines, and satellite lines (in different colors, identified in the
legend) predicted on the basis of the [1s3d] and [153 p] shake-process
probabilities.

probabilities for production of [1s3p], [1s3s], and [1s4s] hole
states.

In the case of Zn, the relative intensities for diagram and
each satellite line have been obtained using the results of the
shake-off and shake-up probabilities for production of [1s3d]
and [1s3p] hole states. As can be seen, for elements Ca and
Zn, with closed-shell valence configurations in ground state,
our theoretical predictions reproduce very well (Figs. 7 and 8)
the high-resolution experimental data.

We should emphasize that in the case of the 3d transition
metals the shape of the K §; 3 x-ray spectra is determined by the
number of electrons in the 3d shell. Therefore, for Cu (Fig. 9),
with the configuration [Ne] 3523 p%3d'%4s! in the ground state,
the situation is very similar to Zn (Fig. 8). As can be seen,
our theoretically predicted synthesized spectrum presented in
Fig. 9 is also in very good agreement with the high-resolution
experimental one.

Much more complicated is the case of Mn Kpf; 3 x-ray
spectra, presented in Fig. 10, where the so called open-shell
valence configuration (OVC) effect [45,47] exists. This figure
shows the predicted K B; 3 diagram lines and the satellite lines
presented in different colors, obtained on the basis of the
shake-process probabilities, together with the observed ones.
Due to the 3d°4s> open-shell valence configuration in the
neutral Mn ground state, there are, for each transition type,
many initial and final states. In this element, even considering
diagram lines alone, the K 8 3 spectrum consists of numerous
overlapping components (7429 transitions) having different
energies. As a consequence of the OVC effect, the effective
natural line shapes in Mn, even considering only diagram lines,
have already a very rich structure with visible asymmetry. The
[1s3d] and [1s3p] satellite lines are also a source of further
complicated structures, because more than 100 000 transitions
appear. The very rich theoretical structure of Mn K g, 3 lines,
together with the complicated structure of the experimental
metallic Mn, are the main sources of the discrepancy between

the experimental results and the theoretical KB 3 spectrum
presented in Fig. 10. However, despite that, our theoretical
spectrum is in moderate agreement with the experimental one
and explains the shape of main part of the very-high-resolution
experimental spectrum.

From these calculations, we may conclude that the Kpg’
and KB” peaks result mainly from the [K M] shake process,
proving that these peaks do not correspond to diagram lines.

V. SUMMARY AND CONCLUSIONS

We measured and analyzed systematically the K §; 3 x-ray
spectra in elements from Ca to Ge using a double-crystal x-ray
spectrometer, considering from the theoretical point of view
the electronic transitions.

The natural linewidths and the relative intensities of the
diagram lines, KB and K 8" satellite lines in the elements from
Ca to Ge have been evaluated from the measurements of the
K B3 x-ray spectra. The averaged corrected FWHM values
of the KB, emission x-ray line in these elements increases
linearly with Z. However, the FWHM of the K3 line seem
to be larger by around 0.5 eV than the FWHM values of K3,
line, for elements between Sc and Ni, and when compared with
the values obtained from the least-squares fitting using Ge and
Zn values [13,48]. The difference in FWHM between K 8; and
K B3 x-ray lines for the studied elements is not clear yet.

The spin doublet of KB, and Kf; spectra was obtained
systematically in the 3d elements. These experimental values
are well represented by the exponential function used in the
fitting process.

Contrary to what can be observed in Ca and Zn, with a
closed-shell structure, and Cu with only one hole, in the 4s
shell, the theoretical prediction of the Mn K g 3 line shape is
not in full agreement with the measured one. This is most
probably due to OVC effects and the fact that the five 3d
electrons in Mn are much more involved in the chemical
bonding of the metallic sample complicated structure than in
Cu or Zn. This fact will lead to changes in the orbital energies
and even in the transition selection rules, which in turn will lead
to changes in the individual transition rates and yields [49]. The
presence of thin oxide layers in the metallic samples can also
induce chemical shifts in the orbital energies which may have
a sizable effect in the line shapes, as has been observed by
Mukoyama et al. [50,51].

We believe that the results of research presented here
constitute not only a valuable basis for the interpretation of
the structure of high-resolution KB 3 x-ray spectra for the
elements from Ca to Ge, but they also may be a motivation for
planning new measurements of K 3 x-ray emission spectra
of 3d transition metals.
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