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Abstract − Novel lead oxide-based flexible dosimeters with superior performance were 

experimentally tested for electron therapy. However, absorbed/transmitted primary particle 

fraction and secondary radiation distribution from the dosimeter surface have not been reported. 

These features should be specified to improve the dosimeter’s reliability for medical applications. 

Hence, the absorbed primary particle fraction, transmitted particle and secondary radiations 

distributions of lead oxide-based flexible skin dosimeter under the incident 6 MeV electron 

radiation have been investigated by pyPenelope Monte Carlo Simulation. The results have 

demonstrated that the generated secondary irradiation probabilities are not significantly high to 

enhance the therapeutic dose abnormally.  In addition, the angular distribution of the scattered 

secondary irradiations is low. No abnormal changes were observed in the fraction and energy 

distribution of the transmitted primary electrons. Hence, it can be concluded that the designed 

structure has promising potential to be used as dosimeters in electron beam therapy. 

Subject Classification (2020):  

1. Introduction 

Ionising radiation is a useful tool for cancer treatment. Various photon and particle irradiations with 

different energies are used in radiation therapy [1-3].  The main aim is to prevent the death of cancer 

cells by protecting healthy tissue [4]. Controlling the photon radiation used in radiation therapy is 

difficult compared to the particle’s irradiation, such as electron or proton. This is due to the high 

penetrating distance of photons which may also expose the deeper healthy tissues. Some malignant 

neoplasms or benign tumours can be localised on or close to the surface of the patient’s skin, where 

electron beams can be effectively treated [5,6]. Electron beam therapy (EBT) can avoid exposing the 

deeper tissues by providing a high dose to the skin area [7]. Thus, possible side effects can be minimised.  

The exposed dose of EBT value is also crucial for effectively treating the tumours. The treatment 

planning system estimates the therapeutic dose, which depends on the beam energy and penetration 

depth [8]. However, the treatment planning systems suffers from accuracy issues. The differences 

between the calculated and exposed skin dose may rise to ±20% [9]. Therefore, a skin dosimeter is used 

to verify exposed skin dose in clinical applications. Optically stimulated luminescent dosimeters (OSLs), 
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diode and MOSFET dosimeters are most commonly used in clinical practice to control the skin dose. 

These dosimeters measure the point dose during the EBT. Thus, the dose distributions on the whole 

skin region cannot be controlled. In addition, the skin surface is naturally curved, and positional 

accuracy of the dosimeters can affect the verification of the therapeutic doses in clinical practice. For 

instance, the MOSFET dosimeter exhibits sensitivity variations from 5% to 22.8% depending on its 

angular location during radiation therapy [10,11]. To overcome this issue, studies have focused on 

developing flexible dosimeters with functional materials [12-14]. The flexible dosimeter can be localised 

on the human body contours, which can precisely measure the cumulative skin dose. Han et al. [8] have 

fabricated lead oxide-based flexible skin dosimeters exhibiting superior performance in this aspect. It 

has also been reported that the PbO dosimeters show promising potential as semiconductor dosimeters 

instead of diodes. 

 Together with superior experimental electron radiation sensing characteristics of the PbO-based 

flexible dosimeters, some quantitative detector characteristics should be investigated for clinical 

applications. Scattering particles and the generation of secondary radiation are critical phenomena in 

radiation therapy [15]. These generated radiations can be entirely absorbed by the dosimeters or may 

backscatter on their surfaces. Penetration of the secondary radiation tissue level or absorption of the 

primary radiation in the dosimeter body may cause dose enhancement/decrement in the patient body 

[16,17]. Hence, the assessment of these quantitative detector characteristics should be considered in 

evaluating the clinical potential of the novel dosimeter. Monte Carlo simulation is a crucial tool to specify 

the possible density of scattered particles, generation of the secondary radiation and transmission ratio 

of the primary particles from the dosimeter structure. Various simulation packages, including Geant4, 

MCNPX, and pyPENELOPE, were composed to simulate the interactions between particles and the 

designed structure. Most of these simulation programs depend on multiple-scattering theories for 

electron transport to decrease the computational time [18]. 

Nevertheless, step length must be cautiously determined to decrease possible inaccuracies in the 

simulation results acquired from the designed dosimeter structure. The PENELOPE (Penetration and 

Energy Loss of Positrons and Electrons in the matter) Monte Carlo package has been preferred for the 

simulation of PbO-based flexible skin dosimeters since it does not lead to difficulties concerning the 

determination of proper step length [18,19]. The pyPENELOPE simulates the relevant interactions of 

the particles through the consistent differential cross sections [20]. During the simulation, pyPENELOPE 

runs the main code called Penepma. This package codes cover combined outcomes from first-principles 

calculations, semi-empirical formulations and estimated databases. The pyPENELOPE processes the 

most accurate physics concepts present that align with the intended generality of the code [20], which 

can be seen in Refs [21-23]. In this aspect, the density of scattered particles, generation of the secondary 

radiation and transmission ratio of the primary particles under 6 MeV electron radiations from the PbO-

based flexible skin dosimeters structure have been investigated via open-source pyPENELOPE Monte 

Carlo code. Possible dose enhancement/decrement results in particle scattering/secondary radiation 

generation from designed skin dosimeters during clinical applications has also been discussed. 

2. Materials and Methods 

This simulation study was carried out via open source pyPENELOPE Monte Carlo code. As reported in 

[8] and relevant works in [24,25], the first layer was a 1 micrometre (µm) thick gold electrode, the 

second layer was a 10 μm-thick passive layer of C-type perylene, the third layer was 50 μm-thick 

irradiation sensing layers of PbO, the fourth layer was 0.5 μm-thick indium tin oxide, and the last base 

layer was 100 μm-thick polyester substrates. These structures were designed by using the user-friendly 

interface of the pyPENELOPE software. The verification of the designed schematic structure was carried 
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out via gview2d.exe. The simulated lead oxide-based flexible dosimeter geometry is illustrated in Figure 

1, and the simulated dosimeter structure reported in [8] is schematically depicted on the right bottom 

of Figure 1. 

 

Figure 1. Simulated structure of the flexible skin dosimeter and the simulated dosimeter structure 

reported in [8] 

Electron irradiations with various energies are used in electron beam therapy to treat tumour cells [3,6]. 

Among the different irradiation energies, the 6 MeV electrons are one of the most widely used electron 

beam therapy [6,26]. Hence, incident electron beam energy was set to 6 MeV during the evolution of the 

lead oxide-based flexible skin dosimeter. The numbers of 8.2×108 electrons were simulated to decrease 

possible errors or uncertainties. The absorbed primary particle fractions, transmitted particles and 

secondary radiation distributions of flexible skin dosimeters under 6 MeV electron exposure were 

estimated via pyPENELOPE simulation. The simulations of the particles were controlled by C1, C2, WCC, 

and WCR.  The C1 specifies the mean-free path among the hard inelastic incidents, while C2 determines 

the maximum average energy loss in a single event. The WCC and WCR are cut-off energy losses for hard 

inelastic collision and Bremsstrahlung emission, respectively [27]. The C1 and C2 were set to 0.2 for the 

increased simulation speed. The WCC and WCR were set to 50 eV for the detailed simulation. The 50 eV 

is the lowest value for the pyPENELOPE that the user can select. A such low value of WCC and WCR may 

increase the simulation time. However, it promotes the reliability of the simulation by calculating the 

possible interaction contributions at low energies. 

Similarly, the absorption energies were also set to 50 eV, and default interaction forcing was utilised 

during the simulation [28]. The default interaction forcing in the pyPENELOPE contains preternaturally 

enhancing the probability of inner-shell ionisation and bremsstrahlung emission and assigning proper 

statistical weights to the created secondary particles in such a way that the simulation outcomes stay 

unbiased [23]. It should be noted that although the pyPENELOPE can track particles down to 50 eV, the 

interaction cross sections for energies below 1 keV should be considered semi-quantitative [22]. 

Nevertheless, the reliability of pyPENELOPE has been tested by several research groups by comparing 

the simulated and experimental results for X-ray spectra from metal targets [28,29], annihilation photon 

detection [30,31], k-ratios of thin films [32] and different applications [22]. An office computer 

performed the simulation with i5 × 3.2 GHz CPU and 8 GB RAM under windows operating systems. 
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3. Results and Discussion 

The absorbed, backscattered, and transmitted radiation fractions from the dosimeter structure were 

obtained after simulation of 8.2 × 108 electrons and their distributions were estimated via 

pyPENELOPE Monte Carlo code. The fractions of these parameters are listed in Table 1. The absorption 

fraction of the primary particles is 0.00014 with a low uncertainty factor. The dosimeter structure 

absorbs only 0.014% of the 6 MeV incident electrons. Similarly, the transmission percentage of the 

radiation was also estimated to be 102% ±  0.022%. This transmission value is the sum of the 

transmitted primary 6 MeV electrons and secondary irradiations emitted from the interaction of 

primary 6 MeV electrons with the dosimeter structure. Considering the simulation results, almost 99% 

of the primary 6 MeV electrons were transmitted from the dosimeter structure, and the remaining 

transmission values are contributions of the secondary radiations. The fraction of the transmitted 

secondary electrons is also tabulated in Table 1.  

Table 1. Various results of the simulated primary and secondary irradiations 

  Primary Irradiation Secondary Electron Secondary Photon 

  Fraction Uncertainty x 10−5 Fraction Uncertainty x 10−5 Fraction Uncertainty x 10−5 

Absorbed 0.00014 1.246 - - - - 

Backscattered 0.0118 16.07 0.008 10.40 0.004 6.738 

Transmitted 1.021 22.52 0.017 16.71 0.060 25.82 

The transmission fraction of the generated secondary electrons is only 0.017. On the other hand, roughly 

1.18% of the 6 MeV incident electrons is backscattered by the dosimeter structure. The low interaction 

and scattering fraction values can be attributed to the thin structure of the skin dosimeters. When the 

electron radiation propagates through the dosimeters, multiple Coulomb scattering interactions may 

deflect electrons [33]. Coulomb scattering probability of electron irradiation with the matter is also 

strictly connected to the thickness of the materials where radiation propagates [33,34]. The 

approximately 170 µm-thick structure of the designed dosimeters significantly decreases the 

interaction probability of electrons with the matter. Hence, such low fraction values were obtained after 

simulations. It seems that these calculated fractions would not anomalously increase or decrease the 

therapeutic dose during clinical applications. The backscattered and transmitted energy distributions 

of the 6 MeV electron irradiation from the dosimeter surface are illustrated in Figures 2a-b, respectively. 

These spectra show how incoming electrons energy varies along the path from the source through the 

detector structure [18]. As depicted in Figure 2a, some portions of the incident 6 MeV electrons are 

scattered backwards due to the elastic scattering interactions with atoms in the dosimeter structure 

[15]. Backscattered electrons increase in regions below 1 MeV and near 6 MeV energy.  It can be 

expected that the large numbers of these backscattered electrons locate at low energies. This can be 

attributed to multiple elastic scattering of the incident electrons. Some of their incident energy is lost 

after each scattering during electron propagation. This explains why most backscattered electrons leave 

the sample after losing their energy. 

On the other hand, it has been observed that the transmitted electrons’ energies are close to the incident 

energy of 6 MeV, and no complex energy distribution has been observed. The spectra shown in Figure 

2b include the secondary electrons transmitted from the dosimeter structure. In the transmitted 

electron spectra, no significant contribution has been observed from secondary electrons, which can be 

visible in the low energies and their transmission fraction is very low, as seen in Table 1. It is easy to 

complete the absorption of these secondary electrons by the dosimeter’s surfaces [15]. Hence, they may 

not be visible in Figure 2b. 
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Figures 2. The energy distributions of the a-) backscattered electrons and b-) the transmitted 

electrons 

Only a vaguely seen increment has been observed in the energy region of the few keV, which may be 

originated from secondary electrons or transmitted primary electrons after multiple interactions. On 

the other hand, this observed transmitted characteristic of electrons is an expected property for the 

dosimeters. The designed dosimeter does not cause multiple transmitted energy regions, which may 

deviate the therapeutic dose in clinical practices.  Photons with various energies can be generated, 

resulting in the interaction between incident electrons and materials in the dosimeter. These generated 

photons can be classified as radiation contamination for dosimeter application [35]. In this aspect, 

potential radiation contamination consists of the generated x-rays, including the continuum 

(Bremsstrahlung), characteristics and fluorescence X-rays. Specifying these secondary photon 

irradiations was also crucial for the dosimeter application, which can lead to unfavourable side effects, 

e.g., a higher risk of secondary malignancy formation after the radiotherapy. 
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Figure 3. The energy distributions of the Bremsstrahlung X-ray spectra 

The Bremsstrahlung X-ray radiation spectra are depicted in Figure 3. The Bremsstrahlung background 

radiation becomes more visible as X-ray energies below 100 keV.  A peak at 9 keV was observed in the 

Bremsstrahlung background, which may correspond to the characteristic X-rays of the Au electrodes 

[36]. 
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Figure 4. The energy distribution of generated photon contamination from the dosimeter surface 

The generated X-ray spectra obtained after the simulation is depicted in Figure 4.  These distributions 

in Figure 4 include the photons generated from electron interactions such as fluorescent X-rays but 

excluded Bremsstrahlung. The observed peaks on the spectra occur owing to the X-ray scattering 

characteristics of materials in dosimeter structure and the relatively low energy of X-ray fluorescence 

[37]. The backscattering and transmission ratios of the secondary photons are listed in Table 1. The 

transmission ratio is essential due to the high penetrating distance of the X-rays into the deeper tissue 
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levels. Only 6.0 % per cent of the generated secondary photons were transmitted to the tissue side of 

the dosimeters. It is also worth noting that the quantity of secondary photons generated per incident 

electron is at least two orders of degrees smaller than that of transmitted electrons (see probability 

density axes in Figure 2b and Figure 3. 

Moreover, the interaction mean free paths for photons are characteristically much higher than electrons 

[34]. Therefore, these secondary photons’ impact on the therapeutic dose is presumably negligible [34]. 

Nevertheless, it exhibits minimal risk for deep healthy tissues. The angular distributions of the emerging 

electrons and photons with any energy generated via interactions between incident electrons and 

dosimeter materials are illustrated in Figure 5. The schematic design of the simulation, including the 

polar angle distribution [23], has also been depicted in the left corner of Figure 5.  
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Figure 5. Polar angle dependency of emerging photons and electrons emitted from the dosimeter with 

any energy 

The polar angles from zero to 90 degrees contain backscattered secondary photon and electron 

irradiations. It has been observed that at less than 90 degrees, the distribution varies very slowly with 

the angles. In addition, the backscattered probability/count of the second irradiation is very low. On the 

other hand, the polar angles from 90 to 180 degrees contain the transmitted secondary photon and 

electron irradiations which may cause the enhancement of the therapeutic doses on the patient body.  

The secondary photons were scattered in almost the same direction as the incident electron irradiations, 

as depicted in Figure 5. 

On the other hand, the scattered region of the secondary electrons was a bit broad than the secondary 

photons. Due to the multiple elastic scattering, some portion of the secondary electrons deviated 

roughly 30 degrees from the target tissue. Nevertheless, the simulation results demonstrate that 

considering probability density, large numbers of emerging electrons are still oriented to the target 

tissue. 

4. Conclusion  

The fraction and energy distributions of the incident 6 MeV electrons and generated secondary electron 

and photon radiations scattered from novel lead oxide-based flexible skin dosimeters have been 
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investigated in detail. Considering simulation results, almost 99% of the primary 6 MeV electrons were 

transmitted from the dosimeter structure. The transmission fraction of the generated secondary 

electrons is only 0.017. On the other hand, roughly 1.18% of the 6 MeV incident electrons is 

backscattered by the dosimeter structure. The low scattering fraction values can be attributed to the 

thin structure of the skin dosimeters. No abnormal changes were observed in the fraction and energy 

distribution of the transmitted incident electrons. 

Moreover, only 6.0 % per cent of the generated secondary photons were transmitted to the tissue side 

of the dosimeters. The observed peaks on the secondary photon spectra occur owing to the X-ray 

scattering properties of materials in the dosimeter structure. It is also worth noting that the quantity of 

secondary photons generated per incident electron is at least two orders of degrees smaller than the 

number of transmitted electrons, i.e., these secondary photons have limited effects on the therapeutic 

doses. Angular distributions of the scattered secondary radiation are not anomalous large to 

significantly enhance the radiation dose on the surrounding healthy tissue. The simulated results have 

demonstrated that the designed skin dosimeters may not significantly cause a large dose 

enhancement/decrement in the patient body. Hence, the lead oxide-based flexible skin dosimeter has 

great potential to be used as a measurement device during electron therapy. 
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