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Analysis of the K Satellite
Lines in X-Ray Emission Spectra

M. Torres Deluigi and J. Diaz-Luque
Universidad Nacional de San Luis
Argentina

1. Introduction

When electromagnetic radiation or particles interact with matter, and they are energetic
enough, they can produce the ejection of electrons from the atoms, so the latter become
ionized. The ionization can be achieved either by irradiation with a conventional x-ray tube
(which emits the characteristic x-radiation of the anode material and a copious amount of
white radiation over a wide wavelength range), or by impact with electrons (or heavier
particles) accelerated in a suitable gun.

The emission of x-ray from an excited ion arises from a single electron transition between
the states with final and initial vacancies. This is primarily because of the strong electric
dipole selection rule, which remains dominant for all save the shortest wavelength x-rays
(i.,e. A< 100 pm). This selection rule requires that the quantum number for the orbital
angular momentum shall change by only one unit during the transition, i.e.:

Al=+1 (1)

The probability that an incident photon (or particle) causes the ejection of a particular
electron is proportional to the square of the integral:

[wpw, )

where P is the transition operator, and ¥;, ¥rare the wave functions for the initial and final
states of the system, respectively (Urch, 1985). An approach to this integral can be obtained
by replacing the wave functions ¥; and ¥y by those of the orbitals directly involved in the
transition, and considering that all the other orbitals are not affected. So, ¥; should be
replaced by the orbital ¢; from which the electron was ejected, and ¥rshould be replaced by
the orbital ¢rfrom which comes the electron that will fill the initial vacancy. Furthermore, if
we consider the electric dipole (er) approximation for P, the integral (2) can be replaced by
the following;:

I(Pi(er)@f 3)

If the electron is removed from an inner orbital (or core orbital), then the resulting ion may
relax in two ways:
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66 X-Ray Spectroscopy

a. either by emitting an x-ray that results from an electronic transfer from an external
orbital ionization energy E; to an inner orbital ionization energy E;. The energy of the
emitted photon, which characterizes the levels involved, will be:

hv = Ei - E]‘ (4)

b. or ejecting an Auger electron, which will leave a doubly ionized atom with vacancies in
orbitals ¢; and ¢x. The energy of the Auger electron will be approximately:

E=E1—E]‘-Ek’ (5)

where Ey is the ionization energy for an electron from an orbital k in an atom with an
atomic number which is one greater than the atom under consideration.

2. Characteristic x-rays

The x-ray spectrum emitted by the sample is produced by simple electronic transitions,
which allow more straightforward interpretations than those of the Auger spectra. When
only considering the electric dipole vector of radiation, x-ray emission from an excited ion is
governed by simple rules of selection (Al = +1 and Aj = 0, + 1). The probability of relaxation
via the magnetic vector or the electric quadrupole is less, by at least two orders of
magnitude, than that for relaxation involving dipolar emission (Urch, 1979). The selection
rules give rise to a series of x-rays which are called ‘diagram lines’ because the basic
electronic transitions can be easily represented on a single line diagram as shown in Fig. 1.
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Fig. 1. Emission diagram of the x-ray lines of an atom. Lines K and L.

When a K-shell electron is removed producing a 1s vacancy, it can be replaced by a p
electron from layers L, M or N (see Fig. 1). If the transition occurs from a state 2p3/, it emits
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Analysis of the K Satellite Lines in X-Ray Emission Spectra 67

a characteristic x-ray Ko; however, if the replacement is from 2py,», it emits a photon Ko.,.
On the other hand, if the transition occurs from layers M or N, i.e., 3p—1s1, 3d—1s?1 or
4p—1s, it produces a characteristic photon emission of the K spectrum.

The transition rules may also be extended to the lines originating from molecular orbitals of
the valence band. The emitted spectrum will then have information on the contribution of
atomic orbitals to molecular orbitals.

The intensity I of x-rays emitted is given by the Einstein equation, which has the following
form (Eyring, 1944):

I=cte-v? {JW,P wf}z ©6)

where ¥;and ¥y are complete wavefunctions for the initial and final states, before and after
the x-ray emission respectively, and P is the transition operator. In the one electron
approximation, it is assumed that only the orbitals directly involved in the transition need to
be considered. The effects of relaxation and electronic reorganization in other molecular
orbitals attendant upon the creation of the initial vacancy, and also in the final state after the
x-ray has been emitted, are ignored. Since other orbitals are assumed unaffected, this
approach is also called the ‘frozen orbital” approximation.

Thus, as in the case of equation (2), '¥; will be replaced by the atomic orbital for the initial
vacancy @;, and Vs by the (atomic or molecular) orbital with the final vacancy. When ¥ris to
be replaced by a molecular orbital (y ), the simplest form will be the Linear Combination of
Atomic Orbitals (LCAO):

Ye = Zaf,}\(P)\ 7)

where a;, is a coefficient describing the contribution of atomic orbitals ¢, of the atom 2 to
the molecular orbital v ;.

These molecular orbitals, which are solutions of the Schrodinger equation, can be calculated
in various degrees of approximation using tools of quantum mechanics. The energies of the
molecular orbitals (occupied and unoccupied) and its composition in terms of electronic
populations of the constituent atomic orbitals can be obtained by theoretical models.

There are several computational methods that calculate the molecular orbitals; some of them
are, in order of increasing sophistication: the extended Huckel method, the method of Fenske-
Hall and the methods Xa (Cotton and Wilkinson, 2008). Among them, the one that shows
greater agreement with the experimental spectra is the Discrete Variational Xo (DV-Xa), that
was shown for sulfur compounds by Mogi (Mogi et al., 1993), Uda (Uda et al., 1993) and
Kawai (Kawai, 1993), and for manganese and chromium by Mukoyama (Mukoyama et al.,
1986). This method first calculates the atomic orbitals ¢, using the approximation of Hartree-
Fock-Slater (HFS) for each constituent atom. The atomic wave functions obtained numerically
are used as base functions to construct the molecular wave functions. The elements of the
secular matrix are calculated using the DV method and this matrix is then diagonalized to
obtain eigenvalues and eigenfunctions of the molecular orbital (Adachi et al., 1978).

The detail with which an x-ray peak will reflect the molecular orbital structure of a molecule
or solid will be, apart from experimental considerations, a function of the line widths of the
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68 X-Ray Spectroscopy

constituent peaks. In addition, the line widths will be determined by the lifetimes of the
initial and final states of the ion between which the transition occurs.

3. Satellite lines

An x-ray emission line (or diagram line) resulting from a transition between two levels in
the energy-level diagram is frequently accompanied by satellites lines (or non-diagram
lines), i.e., x-ray lines whose energies do not correspond to the difference of two energy
levels of the same atom. The term ‘satellite’ means weak lines close to the strong parent (or
diagram) lines. Particle induced x-ray emission (PIXE) spectra, electron probe microanalysis
(EPMA) x-ray spectra, or x-ray fluorescence (XRF) spectra of materials exhibit intensity
modifications of satellite lines from one compound to another. The satellite lines are classified
into three groups by its origin: 1) multivacancy satellites; 2) charge-transfer satellites for late
transition-metal compounds; 3) molecular-orbital splitting satellites (Kawai, 1993).

3.1 Multivacancy satellites

The Ka lines usually show high-energy satellite lines, corresponding to the existence of a
specific number (i) of ‘spectator’ vacancies in the layer L, which affect the subsequent
transitions. These peaks can be identified generally as KaLi, and they appear on the side of
higher energies of the main line Koy 2. This kind of satellite lines are called multivacancy
satellites lines, and among them we find the double ionization caused by KalL! (or simply
KalL): when 1s and 2p vacancies are created simultaneously, the 2p vacancy has a relatively
long life-time compared to that of the 1s vacancy. Thus, the inner vacancy de-excites in
presence of a ‘spectator hole’ which produces a change in the electrostatic potential, leading
to shifts in the energy levels, affecting as a result the energy of the photon emitted (Fig. 2). In
this chapter we will study the satellite lines produced by double and triple vacancies in the
Ko spectrum of aluminium.

spectator hole

2Ps: —@—@—@TO0— —o 00—
2p,, —&@® oo
251/ o @
photon
Y
15472 & O oo
Initial state: [1s2p] Final state: [2p?]

Fig. 2. Emission of a satellite line by double ionization (orbitals with vacancies are
enclosed in brackets).
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Analysis of the K Satellite Lines in X-Ray Emission Spectra 69

The high energy satellite lines have been intensively studied since the 1930s to the 1940s,
beginning with the detailed works of Parrat (Parratt, 1936; 1959; Randall and Parratt, 1940).
In the case of the Ka emission line, the high energy satellites are usually labeled as Ko 4.
The high energy satellite resulting from the de-excitation in presence of two outer
vacancies is referred as Kose and exhibits a very weak amplitude. The energy separation
distance between the satellite band and the Ka line ranges from about 10 eV up to about
40 eV for atomic numbers 12 < Z <30. Aberg (Aberg, 1927) presents an extensive set of
values for the relative intensity of the satellite, which decreases from about 30 % for Z =
10 to 0.5 % at Z = 30.

The KL satellite intensity has a close relation to the electronegativity of the neighboring
atoms of the x-ray emitting atom, as shown by Watson et al. (Watson et al., 1977), Uda et al.
and Endo et al. (Uda et al.,, 1979; Endo et al., 1980). This is because the KL" satellite is
stronger for ionic compounds than it is for covalent compounds: The valence electrons are
delocalized for covalent compounds, thus the perturbation due to the creation of the core-
hole is small for said compounds. Consequently, the multielectron ionization probability is
small for covalent compounds. On the other hand, for ionic compounds, the valence
electrons are localized, thus the perturbation due to the core-hole creation is large.
Therefore, the satellites are strong for ionic compounds. Hence, the satellite intensity is a
measure of valence electron delocalization, so we can determine the covalence/ionicity of
compounds or delocalization/localization of valence electrons by measuring the
multivacancy satellites of x-ray emission spectra (Kawai, 1993).

The de-excitation of an L or M level in presence of outer holes may also lead to the presence
of high energy satellites associated with L or M x-ray peaks. The additional outer vacancies
may result from Coster-Kronig transitions or shake-off mechanisms. The Coster-Kronig
transitions result from an Auger process between sub-shells of the same shell. For instance,
the hole created on the L; sub-shell may be filled by an electron originating from the L, or L3
subshell. According to the selection rules, these transitions are not radiative and the excess of
energy Li-L, or Li-L3 is dissipated by the emission of an Auger electron from the M or N levels.
The transition rate of non-radiative Coster-Kronig transitions f;, where i and j are two subshells
within the same energy level, is not permitted for all elements (Rémond, 2002).

The double excitation threshold is the value of energy needed to cause double vacancies in
the atoms, so the probability to observe satellite lines Ko is zero for incident energies below
this value. Therefore, the formation of double vacancy is only possible for values equal or
superior to the threshold, and the satellite spectra are variable according to the energy that
excites the sample. The effects of variation of the Ka satellite spectrum depending on the
excitation energy can be seen, for example, in the work of Oura et al. (Oura et al., 2003).
These authors bombarded NaF samples and measured the intensity of the lines KL! in the F,
from the double excitation threshold to saturation. Fig. 3 shows the different spectra
obtained with the different energies for the incident photons (indicated on the right vertical
axis). The double excitation threshold is 706.7 eV for F, energy value around which their
measures began, and for which the satellite lines are not even seen.

The multivacancy satellites in x-ray emission spectra are lines of importance in PIXE
spectra: When heavy ions (such as Ar5*, N* or O2*, with an energy of several tens of MeV)
bombard the sample material to ionize the core electron, these satellites turn out to be
stronger than the diagram lines.
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70 X-Ray Spectroscopy

In Fig. 4 it is shown the proton-excited spectrum, which consists of the normal Ko > peak and
Kagz4 satellite group. The Kosg group and other satellites have lower intensity and, in
consequence, were not measured with proton excitation. In the case of nitrogen-ion excitation,
the spectrum is radically different: A relatively weak line appears at the position of the normal
Ko 2. The five peaks on the high-energy side of the Koy ; line are Ko satellites lines from atoms
with one through five vacancies in the L shell (Knudson, 1971). We can also see the increasing
intensity of the lines of the spectrum Kf, and the emergence of new satellite lines in this region.

—|750.3eV

777

—|741.3eV
—|734.8eV

-

—|728.9eV
—|724.4eV
-1 720.4eV
f'_ 716.4eV
—|712.4eV

Normalized SXE intensity (arb. units)
Z

707.5eV

:
670 675 680 685 690
Energy (eV)

Fig. 3. Spectral variation of the F Ko emission for NaF. Typical energies of the exciting
photons are indicated beside each spectrum (Oura et al., 2003).
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Fig. 4. Al Ko x-ray spectra excited by impact of 5 MeV protons and nitrogen ions on Al
metal, (Knudson, 1971).
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3.1.1 Double and triple vacancy satellite lines in Al Ka.

At higher energies than Koi», we find the satellite spectrum KL! consisting of lines (in
increasing order of energy value) Ka’, Koz and Koy. At even higher energies we can also
observe satellite lines by triple ionization (KL2), called Kos and Kae. In this section, we
present the results of our measurements for these lines of multiple vacancies for pure
aluminum and alumina (ALOs), with XRF and EPMA. The KL? satellites are the highest
order of ionization obtained by bombarding with photons and electrons, and they have even
lower intensities than KL!. All these lines can be seen in Fig. 5, which presents the
experimental intensities of the Al Ka spectrum on a logarithmic scale to facilitate its
appreciation.

The spectra obtained with XRF and EPMA were fitted with the software Peakfit. This
software employs the method of least squares to approximate peaks of the Voigt Gaussian /
Lorentzian type to the lines, by setting residuals. Comparing Fig. 6 and Fig. 7 we see that
there is an increase in the intensities of the satellite lines by double and triple vacancy with
respect to the main lines, when measured with EPMA.
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Fig. 5. Al Ka spectrum measured through XRF.
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Fig. 6. Al Ka spectrum measured through XRF. Expanded Ka satellites in the top right.
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Fig. 7. Al Ka spectrum measured through EPMA. Expanded Ka satellites in the top right.
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XRF (This work) XRF (Other Authors)
Lines Al A1203 Al [*] A1203 [**]
Kay 1486,7 1487,0 - -
Ka’ 1492,6 1494,0 1492,6 1492,94
Kas 1496,5 1497,2 1496,4 1496,85
Kay 1498,5 1499,2 1498 4 1498,70
Kas 1507,2 1507,8 - 1507 4
Kag 1510,0 15104 - 1510,9

Table 1. Energy of Al Ka lines in Al and AlOs (in eV) for single and double ionization,
obtained with XRF in this work and by different authors: [*]: (Mauron and Dousse, 2002);
[**]: (Wollman et al., 2000).

Table 1 shows that the concordance of our measurements for the energies of the lines Al KL!
with Mauron and Dousse (Mauron and Dousse, 2002) is remarkable (are equal considering
the experimental error), especially if one considers that the latter is a recent work that uses a
Von Hamos spectrometer, which was specially designed for this purpose. The same applies
to the work of Wollman et al. (Wollman et al., 2000) on the Al,O3, whose energy values
differ at most in 1 eV for Ko (which is the line with the greatest uncertainty due to its low
intensity), and in general the energies of the other lines differ by less than 0.5 eV of ours. In
Table 1 we can also see that the energies obtained for the triple vacancy KL2 lines are very
similar to those reported by other authors.

Also in Table 1 we show that the Al Ka satellite spectrum changes significantly in the
aluminum oxide with regard to the metal: there are shifts in the energy positions of the lines
and changes in their relative intensities (see Fig. 8). The shift towards higher energies in the
oxide (A2O;) is in agreement with the results found by Liu et al. (Liu, 2004).
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Fig. 8. Satellite spectra of Al and Al,O; measured through XRF.

www.intechopen.com



74 X-Ray Spectroscopy

In Table 2 there are the energies of the lines KL? and KL! in Al measured by XRF and EPMA
in this work, and also those reported in other studies which use different experimental
techniques. The major significance of the correlation between the energies measured
by us and the ones measured by other authors -whose results are shown comparatively in
Table 2-, is the fact that these references relate to works performed with different excitation
techniques. Thus, the fact that our results on Al are equal (considering the uncertainties of
the measurements) to those of Burkhalter et al. (Burkhalter et al., 1972), obtained with PIXE,
reveals the intrinsic nature of the energies of the double-ionization lines, and its
independence on the technique used to measure them. Identical energy positions are also
observed in our own measurements with XRF and EPMA, confirming this independence on
the excitation method.

Line EPMA~* XRF+ EPMA* EPMA** XRF” PIXE*
Kay 1486,7 1486,7 1486,7 - - 1486,6
Ko’ 1492,9 1492,6 1492,3 1492,8 1492,6 1492,8
Kag 1496,5 1496,5 1496,4 1496,5 1496,4 1496,4
Kay 1498,7 1498,5 1498,4 1498,5 1498,4 1498,6

Table 2. Energy in eV of the Al Ka lines for single and double ionization, obtained with
different techniques and different authors: EPMA* and XRF+*: this work; EPMA*: (Fischer
and Baun, 1965); EPMA** and XRF": (Mauron and Dousse, 2002) ;PIXE*: (Burkhalter et al.,
1972).

Fig. 9 and Fig.10 show the double ionization satellite lines measured in Al and in ALO; with
XRF. In these figures, we can see the changes that occur in every satellite line: In the case of
Ko, it is shifted to higher energy and increases its intensity in the oxide, while the intensities
of the lines Koy and Koz change from the pure element to an oxide. In particular, it is noted
that the intensity ratio between these two lines is IKos /I Kas = 0.5 in the metal, while in the
oxide it is IKas /I Koz = 1.

The intensity distribution of the satellite spectrum analyzed, in all spectra measured with
both techniques, behaves as follows: Ka’ is the less intense (10% of Kas), Kas is the most
intense (approximately 10% of Kai,2), followed by Koy (5% of Ka2), except in the aluminum
oxide, when the latter two are almost of the same intensity. The ratio of intensities between
them (IKou/ 1IKow) varies in our measurements with EPMA from about 0.5 (in the metal) to 1
in the oxide.

The total intensity of the satellite spectrum with respect to the main one (Isatwlites/1Kot1,2,
where Lwiites = IKa" + 1Koz + IKaw), is of 10% for XRF and of the order of 20% for EPMA. In
Al Ko spectrum of oxide, there is a decrease of this intensity with EPMA, and there are no
significant changes with XRF. The double vacancy lines are more intense with EPMA,
compared to XRF (approximately the double). This confirms the higher probability of
double ionization when the sample is excited by charged particles (electrons in our case)
than when excited by photons.
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Fig. 9. Satellite lines measured in Al with XRF.
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3.2 Satellite lines produced by charge transfer

The effect of charge transfer is important in the compounds formed by the last transition
metals. Usually, in these compounds, the 3d orbital is the outermost. Then there is the ligand
energy level (e.g. in NiF,, the level of F 2p) which is a few eV below of 3d of the main atom.
So if there was a vacancy in the 1s level of the transition element, the 3d level is far deeper
than the valence bond. This situation is quite unstable, so some electrons from the decay of
the F 2p level to the level of Ni 3d (Kawai, 1993).

3.3 Satellite lines caused by splitting of molecular orbitals

X-rays from transitions from the valence layer to internal orbitals (as the lines K and L) of
elements that are linked to other lighter ones have satellite lines of lower energy than the
main peak, with a relative intensity of 5-30% (Urch, 1970). In consequence, these low-energy
satellite lines are closely associated with bond formation. The energy separation between
these two peaks is a function of the ligand atom (about 20 eV for F, 15 eV for O, 11 eV for N
and 8 eV for C) (Esmail et al., 1973). The origin of these lines is just the splitting of molecular
orbitals, and can be understood by the simple model of the Molecular Orbital (MO) that was
described in the introduction.

Let p and d orbitals of the valence shell of a central atom (A) in a compound, or a crystalline
medium, which is surrounded by x binder atoms (L). The transition K (p — 1s) now displays
a structure that reflects a number of molecular orbitals of the form ALx. Light elements,
such as C, N, O and F, use their 2s and 2p orbitals in bond formation. There are therefore
two types of molecular orbitals involving electrons Ap: (Ap, L2p) and (Ap, L2s). Similar
arguments can be made for the L lines. The energy difference between these two orbitals can
be directly measured in appropriate experiments. The presence of these light elements
cannot be easily detected using conventional x-ray detectors, which justifies the additional
interest in studying this kind of satellite lines.

The occurrence of low energy satellite peaks in the x-ray emission spectrum of the element
A, which identify the ligand L, not only shows that L is present in the sample, but also that L
is bound to A. The word ‘bound” is used in a broad sense, however covalent bonds give
more intense satellite peaks. But it is true that ionic bonds are never completely ionic, and
even a small percentage of covalent bond is sufficient to generate significant emission peaks.
Among this class of satellite lines, the main one is the KB’, which is located on the side of
lower energies than the KPi3, and it originates in the manner described above for those
elements of the third period with valence electrons in the 3p subshell (Al, Si, P, S and CI). It
is interesting to analyze the KB spectrum of the mineral called Topaz, which is an
aluminosilicate formed by chains of octahedra of AlO4F,. In Topaz, aluminum presents two
Kp'’ satellite lines, one for each covalent union: Al-O and Al-F (see Fig. 11) (Torres Deluigi et
al., 2006). The identification of these satellite lines was done taking into account the
energetic separation AE between the ionization energies of the L2s and L2p orbitals: AE = 20,
14,9 and 5 eV, for F, O, N and C, respectively (Eyring et al., 1944).

In the case of transition metals, the physical origin of the KB’ line is different. It has been
assigned to a strong exchange coupling between unpaired electrons of the valence subshell
3d and the unpaired electron of state 3p>. The vacancy 3p is generated by transitions 3p —
1s that give rise to the line KBi3. In contrast, the satellite line KB"" of the transition metals
have a similar origin to the KB" in elements of the third period.
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Fig. 11. Al KB spectrum of Topaz. The two KB’ lines (due to the Al-F and Al-O covalent
bonds) and the Al KB, Al KBizand Al KB” lines have been deconvoluted with Gaussian
functions and its energies are pointed out. The spectrum is normalized to the height at the
maximum intensity point. (Torres Deluigi et al., 2006).

Several other theories are available to describe the KB’ low energy feature associated with
the KBi3 emission resulting from transitions involving the partially filled 3d shells of
transition elements and their oxides (Rémond, 2002). The Radiative Auger Effect (RAE)
produces a broad structure at a lower energy than the characteristic diagram line. The RAE
process results from a de-excitation of a K vacancy, similar to an Auger process with
simultaneous emission of a bound electron and an x-ray photon. For transition elements, the
low energy structures associated with the KBi3 diagram line can be interpreted in terms of
KMM Radiative Auger Emission (Keski-Rakhonen and Ahopelto, 1980).

According to Salem and Scott (Salem and Scott, 1974), the interaction between the electrons
in the incomplete 3d shell and the hole in the incomplete 3p shell splits both 3p and 34 levels
causing a demultiplication of transitions.

The KB’ satellite has also been explained in terms of the plasmon oscillation theory
(Tsutsumi et al., 1976). During the x-ray emission process, the transition valence electron
excites a plasmon in the valence band. The transition energy of the K13 line will thus be
shared between the plasmon and the emitting photon, which will be deprived of an energy
equal to the plasmon energy.

4. Conclusion

High-resolution measurements of the K satellite linesin the x-ray emission spectra
obtained by XRF and EPMA techniques, provide detailed information on the electronic
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structure of the analyzed samples. The profile of the peaks, their energy shifts, the rise of
new satellite peaks and the changes in their intensities are all related to chemical and
structural properties, such as valence electronic states, the type of bond and the nature of the
ligand  atom. In particular, the intensity  of satellite lines originated by  multiple
vacancies characterizes the excitation technique used, allowing at the same time to infer
information about the internal electronic mechanisms that explainthe production
of multiple vacancies.
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