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ABSTRACT 

 
Six standard beams described in the TRS-457 (IAEA): RQR 5, 8, M1, M2, M3, M4 were simulated using the 

EGSnrc Monte Carlo code. Each spectrum was created by an X-ray tube simulated in BEAMnrc, and 

attenuation curves were obtained using the application egs_kerma. The quality of each beam was evaluated by 

the 1st and 2nd half-value layers, the homogeneity coefficients and the mean energies. All beams presented quality 

parameters compatible with those described in TRS-457 (IAEA).  

 
Keywords: EGSnrc, TRS-457, HVL.  
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 INTRODUCTION 

 

Ionizing radiation is found in several sectors of modern society, from scientific and industrial 

applications to the medical use, and it corresponds to a great improvement in the quality of life and 

services. An important medical application is the diagnostic radiology, a non-invasive imaging 

technique that has the potential to early detect several diseases. 

 Some examples of medical applications of ionizing radiation are the radiographs, computed 

tomography scans and the mammography, all using X-ray beams. Those techniques are largely 

applied because of their high diagnostic capacity. Mammography beams are usually produced by an 

X-ray tube with high voltage from 25 kV to 35 kV; radiography and computed tomography beams 

are produced using higher voltages, from 40 kV to 150 kV [1]. 

 In order to produce radiation beams that are capable to deliver accurate results, all equipment 

should be tested and their quality ensured. To this end, the use of radiation detectors previously 

calibrated in certified laboratories is necessary [2]. Hospitals and clinics should periodically send 

their radiation detectors to certified laboratories that return the equipment calibrated depending on 

the energy at they are usually used. 

 The TRS-457 [1] is a document published by the International Atomic Energy Agency used for 

the implementation of X-ray beams in calibration laboratories. It presents standard characteristics for 

different series of radiation beams, including conventional radiology (RQR) and mammography 

(RQR M). Some of those characteristics are the high voltage applied in the tube, the half-value layers 

and the homogeneity coefficients. It is up to the laboratory to calibrate detectors in radiation beams 

with similar characteristics to the ones described in the TRS-457. 

 It is possible to simulate an X-ray tube and to test the performance of radiation detectors with the 

simulated spectra using the Monte Carlo method or other computational codes. Those simulations are 

also important before the construction of the radiation detector because the influence of certain 

materials may be evaluated in the project [3].  

Recent published research papers demonstrate the use of Monte Carlo simulations to obtain X-ray 

spectra, to test radiation detectors or to perform dosimetry studies [4,5]; however, when a study aims 

to develop or characterize radiation detectors used in calibration laboratories, it is interesting to use 
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simulated standard X-ray spectra, because the research involving these beams may improve the 

quality of the calibrations performed in laboratories [6]. 

 The objective of this work was to simulate radiology and mammography standard radiation 

beams, following the quality parameters established in the TRS-457 [1], using the Monte Carlo code 

EGSnrc v2020 [7]. 

 

 MATERIALS AND METHODS 

 

The simulations were divided into two steps using the software included in the default installation 

package of EGSnrc: first, the radiation beams were simulated using the BEAMnrc [8] to obtain each 

spectrum; then the attenuation curve of each beam was obtained using egs_kerma [9]. All simulations 

were performed in a computer Intel® Core™ i3-5005U Dual CPU 2.00 GHz, and the time of each 

simulation was about 1 h to 3.5 h. 

 

2.1. Simulation of the X-ray spectra 

The BEAMnrc uses the EGSnrc code of radiation transport and allows the simulation of X-ray 

tubes with some input parameters, such as: the material of the anode, known as target; angulation of 

the target; additional filtration; and others. 

An X-ray tube was simulated, with the objective to create X-ray beams with the quality parameters 

described in TRS-457. A cylindrical electron beam with radius of 0.1 cm was accelerated, in the 

vacuum, towards the target with an angulation of 11˚ for radiology beams and 15˚ for mammography 

beams. The X-ray beams were produced by the deacceleration of electrons (Bremsstrahlung) and by 

electron transitions in the anode (characteristic X-rays). 

The following standard beams were simulated: RQR 5, RQR 8, RQR M1, RQR M2, RQR M3 

and RQR M4. In the simulation of RQR 5 and 8 the target was of metallic tungsten, with density 

19.3 g/cm3, and the additional filtration was of metallic aluminum, with density 2.6989 g/cm3. For 

the beams RQR M1, M2, M3 and M4 the anode and additional filtration were made with 

molybdenum, with density 10.22 g/cm3. Filters were placed 4 cm distant from the target, and the 

space out of the X-ray tube was filled with air, with density 0.0012048 g/cm3. The spectra were 
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obtained from the planar fluence of photons normalized by the energy interval that are crossing a 

circle of 15 cm radius, in the air, and 75 cm distant from the target, using the BEAM Data 

Processor [10]. The incidence angle of photons was not considered in the calculation of fluence. 

Figure 1 shows a simulation scheme of the geometry used in BEAMnrc. 

 

 

Figure 1: Scheme of the simulations performed in the BEAMnrc. For the RQR spectra a 

tungsten anode with  θ = 11˚ and aluminum filters were used. For the RQR-M spectra a 

molybdenum anode with θ = 15˚ and molybdenum filters were used. 

 

Every spectrum simulation was performed with 3x107 histories, with photons and electrons being 

transported until the 1 keV energy threshold. The radiation transport parameters used in the 

simulations were the default configuration of BEAMnrc, with the following exceptions: the XCOM 

cross sections for the photoelectric effect and the NIST cross sections for Bremsstrahlung were used; 

Compton and Rayleigh scatter were activated; the IK option was selected for the Electron Impact 

Ionization; the KM option was selected for the Bremsstrahlung angular sampling; and the variance 

reduction techniques Directional Bremsstrahlung Splitting (DBS) and Bremsstrahlung Cross Section 

Enhancement (BCSE) were applied to increase the calculation efficiency [8]. Atomic relaxations and 

spin effects were also activated. 
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The mean energy �̅� was calculated for each spectrum by Equation 1: 

 

�̅� =  ∑ 𝐸𝑖𝛷𝑖
𝑘
𝑖=1                                                                (1) 

 

where Ei is the energy interval value in the spectrum and Φi the relative fluence. 

 

2.2. Quality evaluation of the X-ray spectra 

For the evaluation of the simulated spectra, the EGSnrc application egs_kerma was used, with the 

objective to determine the air kerma in a detector volume defined by the user. For each spectrum, 

quality parameters were determined to verify if they respect the recommendations of the TRS-457 [1]. 

This evaluation was performed using attenuation curves of each spectrum, obtained by the decrease 

of the air kerma measured in the detector volume in function of the increase of the thickness of the 

attenuator filter between the radiation source and the detector. 

It is necessary to reproduce a good geometry to obtain each curve, where the beam is collimated 

enough to irradiate only the sensible volume of the detector, producing minimum scatter [1]. 

Therefore, an air volume of 0.6 cm3 was used simulating a radiation detector, attenuation filters of 

aluminum of different thicknesses, and a lead collimator, with density 11.35 g/cm3. 

Each radiation source of the RQR and RQR M beams was modeled using an isotropic photon 

source, with the spectra generated in Section 2.1, at a distance of 100 cm and collimated to irradiate 

the detector. Attenuation filters of aluminum were placed 5 cm distant from the source, between the 

detector and the source. Besides that, a lead collimator was placed between the filters and the detector, 

10 cm from the source, and the scattered radiation produced by the filter was collimated, in order to 

detect the maximum of the direct beam with the minimum of scattered radiation. The visualization of 

geometries can be performed using the egs_view software [7]. Figure 2 shows a simulation scheme 

of the geometry used in egs_kerma. 
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Figure 2: Scheme of the simulations performed in the egs_kerma. Aluminum filters of different 

thicknesses were used to obtain the attenuation curves of the RQR and RQR-M beams. 

 

For each beam, irradiations were simulated with aluminum filters of different thicknesses, and the 

objective was to determine the necessary thickness of aluminum that decreases the initial intensity of 

the beam to a half, the first half-value layer, 1st HVL; and to a quarter, the second half-value layer, 

2nd HVL. With the air kerma measured in the detector for each thickness of aluminum filter, the 

attenuation curve was created with the relative air kerma data by a non-linear fit in the software 

GNUPLOT. 

The X-ray spectra considered in this work are polyenergetic, where the low-energy photons are 

attenuated faster than the high-energy ones. In this case, the non-linear fit of the intensity of the beam 

should be more complex and different from Equation 2, known as the Beer-Lambert Law, that states 

the exponential attenuation of monoenergetic beams: 

 

𝐼(𝑥) =  𝐼0𝑒−𝜇𝑥                                                              (2) 

 

where 𝐼0 is the initial intensity of the beam, μ its linear attenuation coefficient and 𝐼(𝑥) the intensity 

of the beam in function of the thickness 𝑥. 
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For polyenergetic beams, Yu et al. proposed in 1997 [11] the Equation 3, an alternative model of 

attenuation: 

 

𝐼(𝑥) =  𝐼0𝑒
(

𝑎1𝑥

1+ 𝑎2𝑥
)
                                                          (3) 

 

where 𝑎1 and 𝑎2 are constants calculated numerically in the attempt to reproduce the attenuation of 

photons of different energies in the beam. Equation 3 was the model that best fitted the data obtained 

in this work. 

The simulation of the attenuation curves used 5x107 and 1x108 histories for the radiology and 

mammography beams, respectively; electrons and photons were transported until 10 keV. The 

radiation transport parameters of the simulations were the default configuration of egs_kerma and 

they were similar to the BEAMnrc configuration, with the following exceptions: the MCDF-XCOM 

renormalized photoelectric cross sections were used and no variance reduction techniques were 

applied in this section. 

 

 RESULTS AND DISCUSSION 

 

3.1. Simulation of the X-ray spectra 

The spectra were obtained with the additional filtration necessary to achieve the quality 

parameters described in the TRS-457 [1], detailed in Section 3.2. The RQR 5 and RQR 8 spectra were 

obtained, respectively, with additional filtration of 3.0 mm and 3.9 mm of aluminum. The RQR M1 

and M2 spectra were obtained with additional filtration of 0.02 mm of molybdenum, and the RQR M3 

and M4 spectra with additional filtration of 0.03 mm of molybdenum. 

In Figure 3 are shown the radiology spectra RQR 5 and RQR 8. It is possible to verify that in the 

RQR 8 spectrum there are peaks of characteristic X-rays produced by the tungsten anode in 57, 59, 

66 and 69 keV. Both RQR 5 and RQR 8 presented the expected shape of each spectrum.  
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Figure 3: RQR 5 and RQR 8 spectra simulated in the BEAMnrc. 

 

In Figure 4 are shown the mammography spectra of RQR M1, M2, M3 and M4. Peaks of 

characteristic X-rays in 17 keV and 19 keV are visible, originated by the molybdenum anode. The 

expected shape for each radiation quality simulated in the X-ray tube was also achieved. 

 

 

Figure 4: RQR M1, M2, M3 and M4 spectra simulated in the BEAMnrc. 

 

3.2. Quality evaluation of the X-ray spectra 

The attenuation curves obtained for each simulated spectrum are shown in Figures 5 and 6. The 

data was fitted with Equation 3, to reproduce the decrease of the air kerma with the increase of the 
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aluminum filter thickness. In Figure 5 are shown the attenuation curves of RQR 5 and RQR 8. In 

Figure 6 are shown the curves of RQR M1, M2, M3 and M4. 

 

 

Figure 5: Attenuation curves for RQR 5 and RQR 8 simulated in egs_kerma. 

 

 

Figure 6: Attenuation curves for RQR M1, M2, M3 and M4 simulated in egs_kerma. 

 

Table 1 shows information on the quality of each beam, such as the 1st HVL, the air kerma ratio 

– that verifies the attenuation of the 1st HVL, and homogeneity coefficients. These parameters agree 

with the requested recommendation of TRS-457 [1]. The homogeneity coefficients for the RQR M1, 
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M2, M3 and M4 beams were not presented in Table 1 because there are no such reference values in 

the TRS-457 for those beams.   

 

Table 1: Quality parameters of the radiology and mammography simulated beams. 1st HVL = 

First Half-Value Layer. Air kerma ratio = Ratio between the obtained air kerma with the 1st HVL 

thickness and the one without an attenuator. 

Radiation 

quality 
Tension 

Mean 

energy 

1st HVL 

 (mm Al) 

Air kerma ratio  

(%) 

Homogeneity 

coefficient 

  (kV) (keV) MC TRS-457 MC TRS-457  MC TRS-457 

RQR M1 25 15.3 (0.268±0.006) (0.28±0.02) (51.5±1.8) (48.5 - 51.5)  - - 

RQR M2 28 16.1 (0.297±0.010) (0.31±0.02) (50.7±1.8)  (48.5 - 51.5)  - - 

RQR M3 30 16.8 (0.335±0.012) (0.33±0.02) (51.5±1.7)  (48.5 - 51.5)  - - 

RQR M4 35 17.7 (0.365±0.012) (0.36±0.02) (51.2±1.7)  (48.5 - 51.5)  - - 

RQR 5 70 40.5 (2.51±0.24) (2.58±0.08) (51.2±2.0)  (48.5 - 51.5)  (0.72±0.07) (0.71±0.02) 

RQR 8 100 51.6 (3.9±0.5) (3.97±0.12) (50.4±2.0)  (48.5 - 51.5)  (0.67±0.11) (0.68±0.02) 

 

 

The uncertainty values of the first half-value layer obtained for the RQR 5 and RQR 8 simulated 

beams were higher than for their reference values in the TRS-457. This could have happened for 

mainly two reasons: the number of histories chosen for the simulations was possibly not sufficient to 

obtain a smaller uncertainty, or the higher uncertainties may come from the chosen non-linear fit. 

The Yu method, described in Equation 3, was initially established in high-energy beams, in the 

range of MeV; however, nowadays it is also used as a method of non-linear fit for beams with 

keV energies [12,13,14]. As seen in the literature, this method still produces residuals in a non-total 

uniform distribution [14], which could indicate the necessity of better fit models for attenuation 

curves in this low-energy range, producing smaller uncertainties to the parameters and for the results 

of 1st HVL. 
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 CONCLUSION 

 

From the results of the simulations of the spectra and their attenuation curves, it could be verified 

that the beams presented quality parameters comparable with those established in the TRS-457 [1]. 

Each spectrum presented the expected behavior for the applied high voltage, with characteristic 

X-ray peaks and the increase of the mean energy of the spectrum with the increase of the high voltage. 

From the attenuation curves, it was verified that the first and second half-value layers of the beams 

agree with those reported by the TRS-457 [1], and their homogeneity coefficients were also 

compatible with those described in the document. 

These results are important because they show the ability to simulate standard X-ray beams with 

quality parameters comparable to the ones described in the TRS-457 [1], and they also show the 

functionality of a good geometry to obtain each curve. 

With simulated standard X-ray spectra, projects of radiation detectors can be tested in simulations 

using radiation beams comparable to the ones they are going to be exposed to in laboratories, 

improving their quality and producing results closer to the ones found in laboratories. 
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