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Abstract

The quality of an X-ray beam refects its penetrating abili-
ty and is directly related to the absorbed dose received by
the patient during an imaging procedure. Therefore, char-
acterizing this beam by obtaining its energy spectrum is of
paramount importance. In the literature, there are several
spectrum simulators (software tools based on mathemat-
ical models) that generate estimated spectra from equip-
ment input parameters. This study aims to evaluate the
performance of diferent diagnostic X-ray spectrum simula-
tors based on beam quality indicators, namely IPEM-78,
SpekCalc, SpekPy, Xpecgen (developed in Python), and
Siemens, under equivalent operating conditions. Results
show that SpekCalc yielded the lowest discrepancy with
respect to the experimental spectrum (RMSE = 0.0713),
whereas IPEM-78 yielded the most accurate beam quality
indicators, with an efective energy of 36.0 keV compared to
the experimental value of 37.0 keV.
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Resumen

La calidad de un haz de rayos X refeja su capacidad de
penetraciéon y estd directamente relacionada con la dosis
absorbida por el paciente durante un procedimiento de ima-
gen. Por lo tanto, la caracterizacion de este haz mediante la
obtencion de su espectro energético es de suma importan-
cia. En la literatura existen varios simuladores espectrales
(herramientas de software basadas en modelos matemati-
cos) que generan espectros estimados a partir de los pa-
rametros de entrada del equipo. Este estudio tiene como
objetivo evaluar el desempeno de diferentes simuladores del
espectro de rayos X diagnosticos, con base en indicadores
de calidad del haz, a saber, IPEM-78, SpekCalc, SpekPy,
Xpecgen (desarrollado en Python) y Siemens, bajo condi-
ciones de operacion equivalentes. Los resultados muestran
que SpekCalc presentd la menor discrepancia con respecto
al espectro experimental (RMSE = 0.0713), mientras que
IPEM-78 proporcioné los indicadores de calidad del haz
mas precisos, con una energia efectiva de 36.0 keV en com-
paracion con el valor experimental de 37.0 keV.

Palabras clave: rayos X, calidad del haz, simuladores, modelado compu-
tacional, radiologia diagnostica.

Introduction

The use of radiation in medicine has enabled advances in healthcare,
both in the diagnosis and treatment of various diseases. The Brazilian
Health Regulatory Agency (ANVISA) published, in its Collegiate
Board Resolution (RDC) No. 611 of March 9, 2022, Article 42, that
“the health service that uses ionizing radiation for diagnostic or inter-
ventional purposes must implement a Radiation Protection Program
that includes, at a minimum, prevention, control, monitoring, and
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surveillance measures to ensure the safety and quality of radiological
procedures” [1].

The International Commission on Radiological Protection (ICRP) is
responsible for establishing exposure limits to ionizing radiation. Its
recommendations emphasize three principles of radiological protection:
every practice must be justifed, bringing benefts to the individual or
society; all exposures should be kept as low as reasonably achievable,
taking into account economic and social factors; and doses must not
exceed the recommended limits [2|, supporting the principles of justif-
cation and optimization in diagnostic radiology, thereby contributing
to patient protection and image quality.

In this context, the goal is to establish specifc standards for radiology in
order to reduce radiation exposure, using the minimum dose required to
perform an examination that provides diagnostic-quality images [3, 4].
For this purpose, a set of criteria is defned to evaluate the quality of
the radiation beam.

From this perspective, the quality of an X-ray beam refers to the prop-
erties that defne its ability to penetrate materials and interact with
tissues. This factor is essential for several applications, such as medical
imaging and radiotherapy [b, 6].

Recent works published in BJRS have explored computational mode-
ling, including Monte Carlo methods, as valuable tools for simulating
X-ray spectra and evaluating beam quality in diagnostic radiology [[7, 8]

Several characteristics of the X-ray equipment infuence beam quality,
such as the tube voltage, anode material, total fltration, half-value lay-
er (HVL, used as a measure of radiation penetrability), homogeneity
coefcient, and the source-to-surface distance [6].

In this context, the X-ray energy spectrum — defned as the distribution
of photon energies emitted — is fundamental for both quality control and
computational modeling. Thus, characterizing beam quality is associat-
ed with its X-ray spectrum, which is defned as the energy distribution of
the radiation produced by an X-ray device. It is a standard curve com-
posed of the superposition of discrete lines, resulting from characteris-
tic X-rays, and a continuous curve from Bremsstrahlung radiation [9].
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Once known, the spectrum allows for mathematical modeling and op-
timization in diagnostic imaging systems [9], as well as quality control,
since manufacturers provide only the construction characteristics of
the equipment. In order to calibrate it and assess whether it operates
within acceptable limits, it is necessary to understand the transmission
curve or the X-ray spectrum.

There are diferent ways to obtain the spectrum. One of them is through
direct measurement using a detector device known as a spectrometer.
However, this method is rarely used in clinical practice due to its high
cost and susceptibility to measurement errors [8]. An alternative is to
estimate spectra using computational simulators, which are software
tools that incorporate mathematical models. In these, the user inputs
some operational parameters of the equipment—such as voltage, tube
angle, and fltration—and obtains an estimated spectrum as output.

Some of the simulators available in the literature include SpekCalc,
SpekPy, IPEM-78, Siemens, and Xpecgen. SpekCalc was developed in
REALDbasic (REAL Software, Inc.) at The Institute of Cancer Research
in London, United Kingdom. To estimate its base model, the author
Poludniowski developed a semi-empirical X-ray spectrum to describe
the depth and energy distribution of electrons in a tungsten target.
To incorporate characteristic X-ray emission, another semi-empirical
model was implemented [10]: a software that simulates the interactions
between incident electrons and a tungsten anode, enabling the mode-
ling of the resulting spectrum within a potential range from 40 kV to
300 kV [11]. Furthermore, SpekCalc has several advantages, such as free
download, calculation of spectrum-related parameters like HVL, mean
energy, efective energy, and it ofers seven fltration materials: Al, Cu,
W, Sn, Be, water, and air [11]. This simulator supports anode angles
from 0° to 90°.

SpekPy was developed as a toolkit using the Python programming lan-
guage [12], making it a framework. This model is based on SpekCalc
but has been enhanced by the use of more accurate numerical meth-
ods. Additionally, it is available for free in a public software reposito-
ry. SpekPy generates spectra from 20 to 300 keV and provides several
useful parameters for characterizing X-ray beams, such as HVL val-
ues, mean and efective energies, photon fuence, and air kerma. It also
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supports various fltration materials, such as Al, Cu, Be, and air [12].
Like SpekCalc, this simulator accepts anode angles between 0° and 90°.

Moreover, the Nuclear and Energy Research Institute (IPEN), afliated
with the Science, Technology and Innovation Secretariat of the State of
Sdo Paulo and managed by the National Nuclear Energy Commission
(CNEN), created an X-ray spectrum software based on the semi-em-
pirical model of Birch and Marshall [9]. It includes an empirical func-
tion for the diferential bremsstrahlung cross-section in photon energy,
integrated over the electron energy using Bethe’s equation for stopping
power [13]. IPEM-78 generates spectra emitted from tungsten targets
with anode angles ranging from 6° to 22°, for potentials between 30 and
150 kV, and spectra from molybdenum and rhodium targets with anode
angles between 9° and 23°, for potentials between 25 and 32 kV [10].
Filters such as air, water, Al, Be, Cu, and W can be used, which are
common materials for conventional diagnostic radiology. Additionally,
the simulator ofers other flter materials like soft tissue, adipose tissue,
and skeletal muscle. It also provides parameters such as mean energy,
air kerma, and HVL.

The Siemens simulator generates X-ray spectra from a tungsten anode
at various tube voltages (30 kV to 140 kV), with 1 keV intervals, used
in diagnostic imaging. It allows the use of fltration materials such as
aluminum and diferent thicknesses of water-equivalent tissue. It was
developed based on a purely empirical model that applies interpola-
tion techniques from a database of measured spectra by Fewell [14].
This simulator ofers several advantages: it is free, can be used online,
and provides important output parameters such as HVL, air kerma,
and photon fuence.

Xpecgen was developed by Hernandez and Fernandez 15|, who modeled
the electron fuence considering both energy and angular distributions
and ftted them to data from Monte Carlo simulations. Additionally,
bremsstrahlung production was determined by integrating the cross-sec-
tion with electron fuence, using a one-dimensional penetration model.
Characteristic X-rays were added using semi-empirical laws. To vali-
date the model, the authors compared it to SpekCalc, MCNPX simu-
lations, and experimental data tabulated by Bhat and colleagues [16].
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Xpecgen generates spectra in the energy range of 50-640 keV, for anode
angles between 0° and 90°, and provides predictions of HVL values [15].

Using simulators is an interesting alternative for studies that depend
on spectrum generation. However, the chosen tool must be reliable and
consistent with experimental measurements. From this perspective, the
present study aims to analyze and compare the performance of X-ray
spectrum simulators for a tube voltage of 80 kV, using beam quality in-
dicators and comparing them to an experimentally measured spectrum.

In diagnostic radiology procedures, tube voltages between 25 kV and
120 kV are typically used [17|, covering the necessary range for all
imaging modalities. According to the National Council on Radiation
Protection and Measurements (NCRP), traditional methods for cal-
culating shielding in radiology rooms assume that the total workload
is produced at a fxed voltage, such as 100 or 125 kV. However, this
approach is conservative and not realistic, as most exposures—i.e., con-
ventional radiographic examinations—are performed in the 70 to 90 kV
range [18|. Therefore, 80 kV spectra were investigated as they fall within
this common range and are widely used in routine diagnostic imaging.

Materials and Methods

Experimental data were obtained using a radiographic device operating
at 80 kV tube voltage, with a 20° tube angle, 0.3 mm Al inherent fltra-
tion, and 2.6 mm Al added fltration. An 80 kV spectrum was used to
carry out the measurements. The experimental spectrum was initially
acquired using an Amptek spectrometer (model PX5) equipped with a
CdTe (cadmium telluride) detector. To obtain the experimental trans-
mission curve data, a PTW ionization chamber (model 23361, 30 cm?
volume) was used, with an acquisition time of 10 seconds at a current
of 5 mA, connected to a Keithley electrometer (model 6517A) with a
4300 V bias voltage.

Spectra were simulated using SpekCalc, SpekPy, Siemens, IPEM-78,
and Xpecgen software, inputting the operational parameters into each
of the equipment used to acquire the experimental spectrum—such as
tube voltage (kV), angle (degrees), fltration material, and thickness.
Based on these inputs, the spectrum is generated.
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Given its importance, beam quality was characterized using the half-val-
ue layer (HVL) and the efective energy of the spectrum. The simulated
HVLs were extracted from each simulator, since in all of them this
information is available as an output. The experimental HVL was ob-
tained from the transmission curve, using the defnition of this quantity.

To determine the efective energy, the HVL value was used as a basis. First,
the mass attenuation coefcient u/p was calculated using Equation 1:
In(2)
p= (1)
HVL

where p is the linear attenuation coefcient.

With these parameters, interpolation was performed between the calcu-
lated mass attenuation coefcient and data obtained from the National
Institute of Standards and Technology (NIST). This method was used
because NIST provides mass attenuation coefcients for various photon
energies, and it was necessary to fnd the energy corresponding to the
previously calculated coefcient. For this purpose, data were selected for
the energy range between 15 and 60 keV. The result of the interpolation
provided the efective energy value. This procedure was applied to all
simulated spectra as well as to the experimental one.

To determine which simulator presented the smallest discrepancy in
relation to the experimental spectrum, all spectra were interpolated
to match the experimental curve, adjusting the energy intervals to 0.5
keV, and normalized to the highest point of the continuous region.

Then, the root mean square error (RMSE) was calculated using the
following equation:

n

RMSE = % > (5 — y))? (2)

Jj=1

where ¢ is the fuence value from the simulated spectrum, y, is the
fuence value from the experimental spectrum, and n is the number
of energy points.

To refne the error comparison study, additional analyses were performed:
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e Spectra were reanalyzed excluding the initial energy range (0 to
15 keV), since this region exhibits a greater mismatch due to de-
tector diferences, especially in sensitivity at low energies.

e Another comparison was conducted excluding the energy ranges
that include the characteristic peaks, aiming to evaluate their
infuence on the calculated error.

e Additionally, the spectra were simulated using a fner ener-
gy sampling interval of 0.1 keV to investigate the infuence of
this parameter on the discrepancy between experimental and
simulated spectra.

To validate the methodology used to characterize X-ray beam quality,
additional indicators were determined, considering water as the interac-
tion medium. These included attenuation at 1 cm, penetration range at
1 cm, and mean free path. Water was chosen because the human body
is largely composed of it.

To determine attenuation at 1 cm, the general attenuation law was applied:
N=N, e (3)

where N, is the initial photon count (100%), p is the linear attenuation
coefcient of water, and z is the thickness (1 cm). The value of N yields
the remaining photon percentage. Therefore, attenuation is given by:

AN = |N, = N|. (4)

Attenuation refects the medium’s capacity to absorb radiation and de-
pends on both the medium and photon energy. Additionally, the pen-
etration range at 1 cm was determined using Lagrange interpolation
of range data obtained from Attix’s classical dosimetry reference [1§].

Results and Discussion

Full Spectrum Analysis

Figure 1| shows the spectra generated by the diferent simulators, which
were normalized with respect to themselves and to the maximum value,
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and compared to the experimental spectrum. It is observed that most
of the simulated spectra show good agreement with the experimental
data, except for the Siemens simulator. Visually, the simulators that
best matched the experimental spectrum were Xpecgen, SpekCalc, and
SpekPy. The last two yielded similar results and were better able to
reproduce the characteristic peak compared to Xpecgen.

Ficure 1. Comparison of spectra generated by the
sitmulators with the experimental spectrum.
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However, it is evident that Xpecgen also aligns well with the
Bremsstrahlung radiation, although the characteristic peak appears
signifcantly lower than expected.

Regarding usability, SpekPy stood out for allowing an integrated and
complete workfow, as it is a framework. It was possible to perform ad-
ditional calculations in the same environment as spectrum generation,
although it requires some basic knowledge of Python programming. On
the other hand, IPEM-78, which has a graphical interface, is incompat-
ible with current operating systems—this being one of its limitations.

SpekCalc, despite its good performance, also has some limitations re-
lated to access. The freely available version on the web (light version)
only generates spectra for tube voltages between 80 and 100 kV. Other
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packages that allow the generation of spectra from 0 to 300 kV (pro,
academic, and commercial versions) are also available. To obtain the
“pro” version, it was necessary to provide a justifcation and link the use
to an academic institution. The other packages are paid.

After completing the qualitative analysis, the beam quality indicators
derived from the spectra were evaluated.

presents the HVL values extracted from the simulators and the
experimental data, as well as the efective energy parameters that serve
as beam quality indicators. Uncertainties are not shown in the table
since the simulators do not provide this information.

TaBLE 1. Half-value layer and efective energy values
for simulated and experimental spectra.

Simulator HVL (mm Al) Efective Energy (keV)
[Experimental 2.90 37.0
SpekCalc 2.55 30.5
SpekPy 2.63 35.5
Siemens 3.55 38.2
IPEM-78 2.69 36.0
Xpecgen 2.62 30.7

From this, it can be inferred that the efective energy value that most
closely matched the experimental result was that obtained from the
IPEM-78 simulator. This is related to the fact that their HVLs were
similar, since it is based on the HVL and the mass attenuation coefcient
calculation that the beam quality indicator is determined. It is impor-
tant to note that this coefcient is the physical quantity that character-
izes the probability of radiation interacting with matter, and for this
reason, it is fundamental for determining the efective energy.

In addition, it was necessary to calculate the discrepancy between the
simulated and experimental spectra. For this purpose, the energy range
between 15 and 80 keV was considered, since the initial range (0 to 15
keV) contains greater noise due to detector diferences.
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The values of the RMSE according to for the simulated
spectra were 0.0713 for SpekCalc, 0.0862 for SpekPy, 0.168 for Siemens,
0.0964 for IPEM-78, and 0.0700 for Xpecgen.

From these results, it is observed that the two spectra with the lowest
discrepancy were those from Xpecgen and SpekCalc, followed by SpekPy
in third place. It is also worth noting that the error plot analysis shows
which regions of the spectrum (i.e., the energy ranges) most infuence
the deviation, as shown in

FIGURE 2. Absolute discrepancies between simulated and
experimental X-ray spectra in the energy range of 15-80 keV.
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From the analysis of the error graph (Figure 2), it is evident that the
characteristic peaks have a signifcant infuence on the deviation when
compared to the experimental spectrum. It is worth noting that the
region of the spectrum corresponding to these peaks occurs between 55

keV and 70 keV.

When excluding the region with characteristic peaks, the RMSE de-
creased to 0.0577 for SpekCale, 0.0611 for SpekPy, 0.186 for Siemens,
0.0691 for IPEM-78, and 0.0642 for Xpecgen.

With this restriction, the errors decreased, and SpekCalc, which was one
of the simulators that visually best matched the experimental spectrum,
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presented values closer to the experimental data. It is also emphasized
that all simulators produced qualitatively and quantitatively similar
results, except for the Siemens model.

shows the graphical representation of the spectra with the
characteristic peaks excluded and their respective errors compared to
the experimental spectrum.

Additional Beam Quality Indicators

To validate the methodology, additional X-ray beam quality indicators
were calculated from the full spectra shown in this time con-
sidering water as the radiation interaction medium. The results are pre-
sented in and were calculated using Equations 1 and 4, along
with the range interpolation method described in the previous section.

TABLE 2. Beam quality indicators simulated in water.

vt o M.A.C.W* Attenuation at Range in
(cm?/g) 1 cm of Water (%) Water (X107 cm)

FEzperimental 0.232 20.7 2.55
SpekCalc 0.358 30.1 1.80
SpekPy 0.235 21.0 2.36
Siemens 0.241 21.4 2.69
IPEM-78 0.232 20.7 2.43
Xpecgen 0.350 29.5 1.80

" stands for Mass Attenuation Coefcient of Water.

The attenuation parameter refers to the reduction in photon beam inten-
sity as it passes through a given material — in this case 1 cm of water.

The calculated range relates to the amount of energy deposited by ra-
diation along its path (here, a 1 cm trajectory) and, like attenuation, it
depends on both the beam energy and the interaction medium.
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FiGure 3. Graphical representation of the spectra excluding
the region that includes the characteristic peaks, and their

respective errors compared to the experimental spectrum.
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Based on the results in Table 2, it is observed once again that the sim-
ulator whose results were closest to the experimental ones — regarding
beam quality indicators — was IPEM-78.

Although IPEM-78 does not exhibit the lowest error, it provides the
most accurate quality indicators. Thus, considering overall behavior,
IPEM-78 performed worse than the other simulators in the spectrum
edges, but within the energy range that corresponds to HVL defnition,
it was the closest to the experimental data. Figure 2 supports this
conclusion and suggests that the 30 to 40 keV range is the only part of
the spectrum where IPEM-78 presents a lower error compared to the
other simulators — and this region represents the main component of
the spectrum (i.e., where intensity is highest).

This suggests that IPEM-78, while not optimal in spectral shape
matching, is most reliable for dosimetric quality indicators.

Efect of Energy Resolution

To refne the comparative error analysis, the simulated spectra were
generated with an energy interval of 0.1 keV, matching the experimen-
tal sampling. Under these conditions, the RMSE values were 0.465 for
SpekCalc, 0.462 for SpekPy and 0.070 for Xpecgen. These results show
that only three of the simulators allowed changes to the sampling in-
terval, and that Xpecgen presented the lowest error compared to the
experimental spectrum. In contrast, SpekCalc and SpekPy exhibited
signifcant deviations in their curves, leading to high RMSE values —
highlighting a limitation of these tools under fne energy resolution.

The spectra generated with a 0.1 keV energy interval and their respec-
tive errors are illustrated in Figure 4.

Conclusions

The prediction of X-ray spectra is of great importance in the feld of
Medical Physics, contributing to research development and patient
safety during diagnostic procedures, as well as infuencing the image
formation process to ensure diagnostic information quality.
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It is also worth noting that to assess the quality of the spectrum, it is
not enough to evaluate only the overall error or discrepancy; it is essen-
tial to analyze specifc beam quality indicators. In this regard, IPEM-78
reinforces this point — despite presenting a greater overall error com-
pared to the experimental spectrum, it produced the best parameters
related to X-ray beam quality.

FiGURE 4. Graphical analysis of the errors in the spectra generated
by SpekPy, SpekCalc, and Xpecgen, with 0.1 keV sampling.
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Furthermore, the efective energy that most closely matched the experi-
mental value — used to assess beam quality — was that of the IPEM-78
simulator, with a percentage error of 2.780%. Regarding spectral fuence
errors, this simulator presented the third-lowest RMSE, but its value
was very close to those with the lowest discrepancy.

Despite some limitations, the spectrum simulators showed good overall
performance when compared to experimental measurements. Based on
the results obtained, SpekCalc demonstrated the best performance in
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terms of discrepancy with the experimental data, while IPEM-78 stood
out for producing the most reliable beam quality indicators.

These fndings support the selection of simulation tools for applications
in quality assurance, shielding calculations, and optimization of diag-
nostic protocols.

A limitation of this study is that the experimental validation was per-
formed using a single X-ray tube confguration. Since spectral characteris-
tics may vary according to tube design, fltration, and manufacturer-specifc
features, future studies involving additional X-ray tube models would be
valuable to further investigate the consistency of the observed simulator
performance across diferent systems.
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