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H I G H L I G H T S

� A semi-empirical model of fluorescence lines evaluation is proposed.
� Indirect radiation interaction is discussed.
� A semi-model of direct radiation interaction is presented and described.
� Experimental tests are presented and used to calibrate the model parameters.
� A comparison with independent data taken from the literature is discussed.
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a b s t r a c t

Diagnostic x-ray beams are composed of bremsstrahlung and discrete fluorescence lines. The aim of this
study is the development of an efficient model for the evaluation of the fluorescence lines. The most
important electron ionization models are analyzed and implemented. The model results were compared
with experimental data and with other independent spectra presented in the literature. The im-
plemented peak models allow the discrimination between direct and indirect radiation emitted from
tungsten anodes. The comparison with the independent literature spectra indicated a good agreement.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Since its discovery, the x-radiation became a very useful tool.
Several imaging applications, such as conventional and interven-
tionist radiology, computed tomography and mammography, use

x-ray polychromatic beams composed of a bremsstrahlung con-
tinuous component together with fluorescence lines.

Many attempts for computing theoretical x-ray spectrum were
developed and enhanced over time. However, few rigorous cal-
culation method was developed to evaluate the characteristic ra-
diation, possibly due to its relatively small contribution (10–15%)
in comparison with the bremsstrahlung component (Birch and
Marshall, 1979; Tucker et al., 1991; Poludniowski, 2007). Indeed,
the three mathematical models more consistently validated for
diagnostic x-ray spectra calculations are focused on the
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bremsstrahlung and only provide a rough description of char-
acteristic radiation in terms of completeness (Birch and Marshall,
1979; Tucker et al., 1991; Poludniowski and Evans, 2007; Po-
ludniowski, 2007).

Poludniowski (2007) described the x-ray spectrum and devel-
oped a calculation of the characteristic radiation that was based on
a semi-empirical description of the indirect radiation component
for tungsten anodes.

The model developed by Birch and Marshall (1979) is con-
sidered accurate and the faster model for simulating x-ray spec-
trum via Monte Carlo algorithms (Bontempi et al., 2010). It uses
the Green and Cosslett (1968) empirical model to describe tung-
sten characteristic radiation as a function of the tube voltage. Birch
and Marshall also used the Storm and Israel (1970) Data Tables to
calculate the energies and the relative intensities of K and L
fluorescence lines. The other model, developed by Tucker et al.
(1991), modified by Costa et al. (2007), uses the same empirical
description adjusting the exponent value (1.67 as opposed to 1.63)
according to Green and Cosslett (1961) theoretical predictions. It
then incorporates the terms studied by Vignes and Dez (1968) to
take into account the depth of production of the characteristic
x-rays. Pella et al. (1985) implemented an algorithm to evaluate
the fluorescence lines of various materials starting from the work
of Green and Cosslett (1961) and calculating the ratio between
characteristic radiation and bremsstrahlung continuum
component.

Although the peak models discussed treat both the direct and
indirect radiations, their formulations are based on a very old
x-ray model (Kramers, 1923) that has many approximations and
strong hypotheses that make it unusable for calculating real x-ray
spectra.

Moreover, the direct characteristic radiation description pro-
posed by Green and Cosslett (1961) is derived from the non-re-
lativistic ionization cross section of Bethe (1930). So the presented
models are based on approximations. They are valid but old, and
sometimes obsolete.

Thus the aim of this work is to analyze the contribution of
fluorescent radiation using modern direct and indirect radiation
models. Three major models of electron ionization cross section
will be analyzed and implemented and the most effective and
accurate will be chosen and used to simulate x-ray characteristic
radiation.

2. Materials and methods

The description of direct and indirect characteristic radiation
starts from the observation of the physical phenomena that hap-
pen inside the x-ray tube. There are three major events that can
happen: electron ionization (direct radiation), Auger electron
emission (negligible, Dyson, 1990) and photoelectric ionization
and vacancy fill (indirect radiation). Together with the brems-
strahlung photon production, these phenomena contribute to
make the x-ray spectrum:
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where Q takes into account the source–detector distance, the
beam collimation, the tube current, the exposure time and the
detection efficiency. The term f(E) indicates the total filtration of
the x-ray tube (housing/inherent plus additional filtration) and
depends on the photon energies. The functions nbr and nj refer to
the counts of bremsstrahlung and characteristic photons. The
Dirac delta function, E Ejδ ( − ), selects the peak position in terms of
the energy to be added to the bremsstrahlung continuum. In an

experimental spectrum, the δ appears as a bell-shaped peak that
depends on the energy resolution of the instruments used for
detecting the spectra.

In order to clarify the notations used, the symbol “E” refers to
photon energy, “T” is used to indicate the electron kinetic energy
and “kVp” indicates the value of the x-ray tube voltage. The sub-
script “k” then refers to the k-th atomic shell (K, L, M, N) with
energy Ek while the subscript “j” refers to the j-th characteristic
peak (es: K 1α , or K 2α , etc.) with centroid energy Ej.

2.1. Indirect radiation

One of the most robust models for accounting the production
of the indirect characteristic radiation was proposed by Po-
ludniowski (2007).

The amount of characteristic photons was evaluated consider-
ing that the ratio of direct and indirect radiation is constant over a
wide range of tube voltages, as stated by Dyson (1990). According
to the Poludniowski model, the intensity of the indirect radiation
is
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where pj is the intensity of the j-th peak (Thompson et al., 2009), fj
is the total filtration of the tube at the j-th peak energy, and Ak is
the probability that a bremsstrahlung photon will appear as in-
direct radiation (Poludniowski, 2007). Nbr

emit is the total number of
bremsstrahlung photons emitted with energies E Ek≥ :
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Then Poludniowski described the contribution of the term Ak,
reaching the final formulation of the total characteristic radiation:
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where pd is the ratio between direct and indirect radiation.

2.2. Direct radiation

As previously stated, the other component of the characteristic
radiation is the direct interaction of the cathode-emitted electrons
with the orbital electrons into the anode material. This interaction
could ionize the anode atoms and generate photons with a well-
defined energy.

The model of Green and Cosslett (1961) was based on the
equation
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where N
A

Aρ is the number of atoms per volume unit in the target, ρ
is the density of the target, NA is Avogadro's number, A is the
atomic weight of the target and sk is the ionization cross section at
the k-th shell and dT

dx
is the electron stopping power inside the

anode. This equation does not take into account the auto-ab-
sorption of the generated photons inside the anode and the
parameter sk was based on the Bethe (1930) non-relativistic
electron-ionization cross section.

On the basis of the models of Birch and Marshall (1979) and
Tucker et al. (1991), this equation can be updated adding the auto-
absorption of the anode. Thus the final form of the direct char-
acteristic radiation is
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