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ABSTRACT

In radiology, knowing the X-ray spectrum characteristics makes it possible to estimate the absorbed dose in the
patient and to improve image quality. In this study, an X-ray generator was proposed using the MCNPX code
and to validate it, the simulated spectrum was compared to the data provided from AAPM Task Group 195,
which resulted in a percentage difference of 8.7%. Furthermore, several X-ray spectra were generated and
compared to the spectra obtained from commercially available softwares as xpecgen and SpekCalc. The
percentage differences were of the order of 13% in comparison with SpekCalc and 8% with xpecgen. The major
differences obtained between those spectra were concentrated in the region of characteristic peaks,

independently if variations in electron beam energy, target angle or filtration thickness were performed.
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1. INTRODUCTION

The Monte Carlo Method (MCM) for radiation transport analysis has been widely used in
different fields, including medical physics, due to reasons such as the possibility of reliably estimate
measures that would not be feasible to perform experimentally [1-3], as is the case of determining
X-ray spectra from commercial tubes [4].

The MCM is an efficient resource to estimate the energy spectrum generated in X-ray medical
imaging devices, but in order to be used reliably, Monte Carlo scenarios require validation [1]. The
validation is usually performed by replicating an empirical method and comparing the results.
However, measurements of X-ray spectra are a complex task which requires some expertise and
specific (and expensive) equipment, such as scintillators [5-8,1,4]. For this measurement, the
number of photons per unit of time that reach the detector must be limited, since the detectors used
for this purpose may not work correctly at high count rates as a "pile-up" effect can occur, in which
an accumulation of pulses produces a distortion in the measurement of the X-ray spectrum [8].

According to the AAPM Report Task Group 195 [1], the type and degree of validation required
depend on the objectives of the research projects, making it possible to compare the results with
previously validated and published Monte Carlo simulations. The search for previous publications
showed us a lack of information on the results of the spectra (raw data) and implementation of
coding, a fact also pointed out in the AAPM report, which, given these difficulties, proposes to be a
reference for Monte Carlo simulations. The quoted AAPM publication compares six different
setups with four Monte Carlo packages and provides the raw data in Excel files.

In radiology, the knowledge of the spectrum characteristics, as well as the parameters involved
in its production, is relevant, as they directly affect the absorbed dose on the patient and also the
quality of the radiographic image [9-11,4,7]. Gallardo ef al. [9] and Tran et al. [4] present examples
of simulated spectra obtained by using parameters of commercial devices dedicated to radiology. In
both of these works, the spectra were simulated using Monte Carlo N-Particle Transport (MCNP)
and compared with spectra generated in commercially-available softwares such as SpekCalc [12]
and IPEM 78 [13], which use semi-empirical models in its analysis. Variation on parameters such
as filtration and tube voltage, as well as the impact of these changes, were also analyzed in the

quoted research.
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Using softwares based on semi-empirical models is well established in the literature due to
availability, ease of use, and rapid acquisition of results. However, they still have limitations, such
as the relatively small set of options in relation to the applied tube voltage, anode angle, and
available target/filtration materials, which limit their adoption in particular applications and analysis
(4,5, 7].

Thereby, the present work aims to provide a reliable X-ray spectra generator within the energy
used in radiology, which was obtained by using the MCNPX Monte Carlo radiation transport code
[14], monoenergetic electrons, and tungsten target. The modeled X-ray tube was validated with the
results of case 6 of the AAPM TG 195 Report [1], which provides X-ray spectrum data obtained
with the same version of the MCNPX code for electronic energy of 100 keV.

As the AAPM publication, used for validation, only provides one X-ray spectrum, additional
simulations were performed, varying parameters such as tube voltage, anode angle, and filtration
thickness. The results were compared with data obtained from semi-empirical generators, SpekCalc
and xpecgen [15, 12]. These comparisons are relevant due to the fact that a wide variety of X-ray
tubes are commercially available. Furthermore, an analysis was carried out regarding changes in the
PHYS card, which is specific for MCNP, considering the discrepancies in the production of

characteristic X-rays between the X-ray spectra generators [16].

2. MATERIALS AND METHODS

The MCNPX program began as an extension of MCNP4B and LAHET 2.8, with version 2.7.0
being one of its most recent updates. The code is compatible with MCNP5 and widely used; in
which it is possible to set an arbitrary tridimensional configuration of materials in geometric cells
[14]. The input file is divided in three blocks: the first two (cell and surface cards, respectively) are
related to the geometric description of the problem and the third (data card) contains information
such as the type of transported particles, source characterization, elemental composition of the
materials, tallies and variance reduction techniques [17]. Information collected during the transport
process is recorded using a variety of counts. Tallies are commands that account for simulated
macroscopic quantities, such as deposited energy, particle flux, fluence. For geometric modeling,

simple surfaces such as planes and cylinders or complex surfaces (called ‘macrobodies’) such as
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parallelepipeds and ellipsoid are defined in Block 2. Then, in Block 1, those surfaces are delimited
into regions using boolean operators; such regions are called ‘cells’ and compose the desired
scenario [17].

In the context of the present work, a reliable Monte Carlo simulation required a detailed
description of the X-ray tube, which include specifications such as: the electron source and its
position, the spectra emitted by the cathode, the target material and the anode angle, as well as the
inherent and additional filtration [4].

For validation purposes, the simulation scenario was initially composed by the target and the
electron emission source, in a geometry similar to the one described in case 6 of the AAPM TG 195
report. Cathode was represented by a disk-shaped source, homogeneously emitting a 100 keV-
energy electron beam towards the tungsten anode (Figure 1). Anode geometry was defined by the
RPP macrobody card (rectangular parallelepiped), with the same dimensions used in the referred
AAPM publication, and initially inclined at an angle of 11°. A sphere centered on the Z axis, with

vacuum inside, corresponded to the study universe.

Figure 1: Monte Carlo simulation scenario modeled according to the case 6 of the AAPM TG

195 report. In (b) the scoring cells (where the simulated macroscopic quantity is registered) are

numbered. These figures were generated in software Moritz [18]
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Regarding Block 3, part of the code related to the definition of the unidirectional source
emission in the — Y direction was:

SDEF POS=0 5 0 AXS=0 1 0 EXT=0 RAD=d1 PAR=3 ERG=0.1 VEC=0 -1 0 DIR=1

SI1 0.3

SP1-211

The SDEF card defines the source, including its position coordinates (POS), the electron
emission axis (AXS), and the direction (VEC and DIR) of this emission, as well as the type of
particle (PAR) and electron energy (ERG). The electron source was represented by a disk in the
position x =0, y = 5 and z = 0 which homogeneously strikes the target with a radius of 0.3 cm. The
SI1 and SP1 cards were described to indicate the range and weight of the radial sampling [17]. The
defined particles for the MCNPX simulation code were electrons and photons (MODE E P) and the
ENDF/B-VII photon cross section table was used.

The elemental composition of the materials was simulated based on the report “Compendium of
Material Composition Data for Radiation Transport Modeling” published by the Pacific Northwest
National Laboratory (PNNL) [19]. To improve the efficiency of the electron transportation, the card
PHYS:E was used in a way to optimize some physical parameters:

PHYS:E1000000 100111 00.917 $bnum=100

The card’s parameters were activated with the default values, being the sixth entry (BNUM) the
only exception. This specific entry controls the bremsstrahlung photon production and it is a tool for
variance reduction. The BNUM default value is equal to 1. If BNUM > 0, bremsstrahlung photon
production will be BNUM times greater [14]. This process optimizes the relative error but does not
increase the output values, so the spectrum profile is not changed [4].

In the AAPM TG 195 report, five scoring areas were defined to evaluate the photon fluences in
different locations (described in the Figure 19). To achieve the same scenario, in this study, tally F4
was used, which calculates the flux average over a cell (MeV/cm?/particle) and, additionally, the F5
(flux at a point detector [MeV/cm?/particle]) and F2 (flux at a surface [MeV/cm?/particle]) tallies
were also tested. Five cells have been defined with dimensions and positions similar to those
presented by the AAPM report, positioned 100 cm distant from the target, on the Z axis (Figure 1).
The dimensions in millimeters presented in the AAPM report were considered as centimeters, since,

considering the source-detector distance of 100 mm, the intensity of the photon flux was
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significantly higher. The data provided in the electronic resources of that report were compared to
our simulation without normalization, since the initial conditions and outputs were the same.

After achieving good agreement in the comparison with the AAPM TG 195 report, several
simulations were performed varying X-ray tube parameters and the obtained spectra were compared
with validated generators that use semi-empirical models. In this work, the semi-empirical
generators SpekCalc and xpecgen were used due to their availability and because they are
commonly used (mostly, SpekCalc) in the literature [20-23,5,10,16]. These softwares allow
variations on both the target angle and filtration thickness, as well as in the electron beam energy.

Two basic differences between geometries were made, since our goal was to simulate the entire
X-ray tube: a lead-coated cylinder, parallel to the Y axis, with vacuum inside and the universe filled
with air, along with the total filtration (inherent and additional), which was positioned in the tube
exit. Figure 2 shows a view (plane X = 0) of the X-ray tube, which was generated in the software

Moritz [18].

Figure 2: Modeled X-ray tube and the addition of aluminum filtration
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First, different tallies (F5 and F2) were verified. For F5 tally, X-ray spectra was obtained based
on five point detectors (exclusion sphere radius of 0.5 cm and at a distance of 100 cm from the
target on the Z axis), positioned at the center of the previously defined regions (detectors 1 to 5, see
Figure 1). The F5 tally was chosen after verifying that the spectrum, compared to that obtained

using the F4 tally (Figure 3), did not present a considerable difference, but required much less
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computational time, lower number of particle histories (2x107) and implicated in a lower relative
error. In this comparison, lead coating has already been added to the simulated geometry with the
F5 tally, but without air filling and without filtration. Moreover, tally F2 can be another feasible

option, because it also presented similar results.

Figure 3: Comparison between spectra obtained by using tallies F4 and F5 from the MCNPX

at the central beam axis

=

(0]
I

(o]

%]

Y

—— Tally F5
---- Tally F4

[\]

=

o

20 40 60 80 100
Mid-bin energy (keV)

Fluence p. i. e. (ph/cm? per electron)
w
O_

Setting values of filtration and anode angle to, respectively, 2.5 mmAl and 16°, which are used
in some mobile X-ray units, the variation in energy was analyzed in the interval between 50 and 140
keV. The acquired spectra were compared to those obtained from the SpekCalc and xpecgen

generators, based on a total area curve normalization (arbitrary units - a. u.) described in Equation 1.

f(x:) (1)
(X f(x)) dx

Yinorm (xi) =

where f(x;) refers to the photon flux value in each energy bin (x;), and the denominator
represents the absolute value sum for all the sampled energy bins.
In another set of simulations, anode angles of 12°, 14°, 18°, 20° and 22° were implemented with

energy source (110 keV) and filtration (2.5 mmAl) maintained fixed. Finally, keeping the anode
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angle in 16° and the energy in 110 keV, the filtration was varied (1.0, 1.5, and 2.0 mmAl) and,
again, the results were compared to those generated by the semi-empirical models.
The conformity between the spectra simulated by using MCNPX and generators is expressed in

terms of the total area percentage difference (Equation 2).

_VEi0: () — v, (x))? dx )
(Xjy2(x)) dx

Dif

where yi(x;) is the normalization to each energy bin relative to the MCNP particle fluence and
y2(xi) is the same normalization but relative to the values obtained with the spectra generator

softwares.

3. RESULTS AND DISCUSSION

The 100 keV X-ray spectrum obtained in this work with F4 fally was compared to the results
from the electronic resources provided by the AAPM report TG 195 and showed a good agreement
(see Figure 4), with a percentage difference of 8.7%. To obtain this result, 2x10® particle histories

were simulated.

Figure 4: Comparison between the spectrum generated in this work and that of case 6 from the

AAPM report TG 195
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Figure S: Distribution of difference in spectrum values as function of energy
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As can be seen in Figure 5, in the region of the lowest energies there are the points of greatest
discrepancy between the spectra. However, these energies do not contribute to the radiographic
image and, therefore, are usually filtered.

The difference presented between the spectra may be associated with issues such as the variance
reduction techniques that were used, which are not informed. Furthermore, it was not explicit which
MCNPX tally was used in the AAPM publication, and the number of simulated particle histories
was also not specified. Even more, our simulation presented smaller errors (the express majority of

errors were below 1%), which can be visually observed in the spectra presented in Figure 6.
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Figure 6: Results of the five regions (1, 2, 3, 4 and 5) defined for energy fluence distributions
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The numbers from 1 to 5 refer to the photon fluence measurement regions. The positioning of
the detectors were considered in order to verify symmetry and the Heel effect. According to the
AAPM TG 195 report, regions 2, 1 and 3 correspond to the Heel effect and regions 4, 1 and 5
reflect symmetry (see Figure 6). The Heel effect is a physical phenomenon whereby the intensity of
the photon beam varies along the anode-cathode axis. Photons emitted towards the anode side
(region 2) are more attenuated by the anode itself than those emitted towards the cathode side
(region 3). This effect can affect raw pixel values in digital radiography, for example [24].

All simulations using the tally F5, in order to optimize the computational time, adopted 1x10’
particle histories. Even so, the relative error was in the same order as the previous comparison,
around 1%.

Spectra simulated in this evaluation showed a good agreement with those obtained from
SpekCalc and xpecgen. Figure 7 presents the X-ray spectra, obtained with tungsten target and
electron energy of 110 keV. In Table 1, we can see the percentage differences from spectra for all

energies studied.
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Figure 7: Comparison between the X-ray spectrum simulated using MCNPX and those
obtained from SpekCalc and xpecgen for a tungsten anode, 110 keV electron beam, 2.5 mmAl
filtration and 16° anode angle
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Table 1: Percentage differences between the spectra generated using MCNPX and those from
SpekCalc and xpecgen for a variety of energies. Anode angle (16°) and filtration (2.5 mmAl) were

constant

Total area difference (%)

Energy (keV) SpekCalc xpecgen
50 3.6 3.5
60 4.0 3.6
70 4.0 3.1
80 6.1 3.9
90 8.9 5.4
100 11.3 6.5
110 13.8 7.7
120 15.7 8.6
130 17.6 9.4
140 19.3 10.0

As shown in Table 1, the percentage differences between the spectra vary with energy. It is clear
from the data that for energies between 50 and 70 keV, the percentage differences are especially
low (less than 5% in comparison to both generators) and smaller than those for higher energies.

This is due to the characteristic peaks generation, as depicted in Figure 8.
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Figure 8: Difference distribution in spectra values as a function of energy (with respect to the

spectrum generated in MCNPX)
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The characteristic emission emerging from the target can be estimated from the detailed
description of the depth distribution of the X-ray fluorescence. This emission occurs when an ion
with a vacancy in an inner layer, which is a result from impact of electrons or photon interactions in
the thick tungsten target, relaxes through a radiative transition. Considering that the two interaction
processes are different (ions generated by photon interactions span a larger volume due to greater
bremsstrahlung penetration) it is conceivable that they produce a distinct spatial distribution of X-
ray fluorescence in the target material [25]. However, the depth in which characteristic X-ray
production occurs is not considered in the model used in SpekCalc, implying a disregard for the
filtration of these photons in the anode. This fact limits the estimation of X-ray emission for small
angles (between the anode surface and the X-ray direction of emission) [25] and makes it unable to
reproduce angular emission distribution of the photons. In the case of xpecgen, characteristic X-ray
yield is modeled proportionally to the yield of filtered bremsstrahlung, generating a slightly better
performance [16].

For both SpekCalc and xpecgen, maintaining the electron energy (110 keV), changes in
aluminum filtration thickness did not result in significant difference compared to the simulated
spectra. As can be seen in Table 2, the differences are similar to those found for the parameters of
110 keV and 2.5 mm of filtration (see Table 1), corroborating the reasons presented previously for
the percentage differences obtained. The spectrum with 2 mm of filtration generated in SpekCalc

showed a small shift to the right, which possibly must be a software error, and it is necessary to pay
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attention to this. Because of that, the difference was greater for this spectrum compared to the other

studied thicknesses.

Table 2: Percentage differences between the X-ray spectra for 110 keV, 16° anode angle and
different Al filtrations

Total area difference (%)

Filtration (mmAl) SpekCalc xpecgen
1.0 13.4 7.3
1.5 13.4 7.4
2.0 18.9 7.5
2.5 13.8 7.7

Regarding the anode angle variation, a distinction between the semi-empirical generators is
seen. In the case of xpecgen, the spectra showed little variation in difference compared to those of
MCNPX, with all presenting differences close to 8%. In the case of SpekCalc, there is a reduction
in the difference, when compared to the simulated spectra, as the degree of the angle increases, as
expected due to the fluorescence emission explained before. For 22°, the difference was 12.7%, as

shown in Table 3.

Table 3: Percentage differences between the X-ray spectra for 110 keV, 2.5 mmAl filtration and

different anode angles

Total area difference (%)

Angle (6°) SpekCale xpecgen
8 16.6 7.8
10 15.6 7.8
12 14.8 7.7
14 14.2 7.7
16 13.8 7.7
18 13.4 7.7
20 13.0 7.8
22 12.7 7.9

The difference in the curves is concentrated in the characteristic X-ray region for both the

variation in the anode angle and the aluminum filtration thickness.
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Concerning the BNUM parameter, this study showed that a value of 100 successfully
incremented the efficiency of the simulations and obtained statistically satisfactory outputs. Without
this change, a bigger computational time interval would be needed to finish the simulation process.
Tran et al. [4] indicate that a satisfactory spectrum can be obtained by using a BNUM > 80.

Furthermore, considering that the found discrepancies are related to the characteristic X-ray
peaks, the possible impact on changing the seventh entry in the PHYS card on these intensities was
evaluated. The quoted entry refers to the XNUM, which is a parameter related to the electron
induced X-ray production control [14]. Nonetheless, the variation on this parameter value from 1 to
500 resulted in the same output, showing that such modification did not affect the peak intensities.

The characteristic peaks generated in this work are similar to the characteristic peak of the
spectrum provided by the AAPM publication, confirming the low production of these X-rays in the
MCNPX code compared to commercial generators. But, in the case of xpecgen model, the
characteristic K X-rays were modeled by fitting the different peak X-ray intensities to the
TASMICS model data, which underestimates the characteristic X-ray emission, since it interpolates
spectra calculated using MCNPX [16].

Although SpekCalc is more widespread in the literature, the xpecgen model, described more
recently, shows better agreement with experimental results than the SpekCalc predictions with
regards to the area between the spectra [15]. The spectrum model approach of xpecgen is similar to
that of SpekCalc, but with a refinement in the description of electron penetration into the target,

besides including bremsstrahlung cross sections differential in energy from NIST [16].

4. CONCLUSION

This study reports the simulation of an X-ray spectra generator, in which parameters can be
easily modified for typical commercially available X-ray tube features, using the MCNPX code. As
the validation against empirical results is a very difficult task, it was performed according to the
reference data sets provided by the Task Group 195 of AAPM, resulting in an agreement of 91.3%.
Parameters such as energy, aluminum filtration and anode angle were varied in view of broadening
the analysis between the use of MCNPX and the softwares SpekCalc and xpecgen, which are semi-

empirical spectra generators. Most of the percentage differences were below or approximately equal
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to 13% (SpekCalc) and 8% (xpecgen), with the exceptions being found for the higher values of
energy, which resulted from the presence of the characteristic X-ray peaks and its increment in
intensity. It was observed that the characteristic radiation is underestimated in MCNPX code in
comparison to commercial generators due to the treatment of relaxation processes and also electron
impact ionization.

Our work presented a practical and flexible X-ray spectra generator, whose parameters that
determine the characteristics of the X-ray beam can be easily and widely modified, which allows its
application in future computer simulation scenarios in the various radiodiagnosis modalities, such

as in studies with MCM related to radioprotection and image analysis.
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