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Electron beam accelerators are broadly used to study the effects of ionizing radiation on the 
properties of materials. These accelerators are also used to study radiation effects in some 
important ceramics such as alumina. The produced high-energy electrons at MeV energies 
will deposit doses that are typically non-uniformly distributed within the entire material. 
Such distributions provide valuable information regarding the degree of internal and surface 
changes owing to the irradiation. In the present study, the Monte Carlo (MC) method was used 
to obtain the dose distributions of high-energy electrons to alumina ceramic in pellet form. 
The distributions obtained via MCNP5 (Monte Carlo N-Particle version 5) were normalized 
by experimental values. For the energy of the simulated electrons, both monoenergetic and 
polyenergetic source electron energies were evaluated. The distributions of the depth-dose, 
depth-energy, and the top and bottom surface 2D dose mesh were obtained. Results showed 
that either assumption of monoenergetic or polyenergetic source electron energies resulted 
in similar depth-dose curves. The depth-energy results showed a larger spread in energy 
distributions for polyenergetic as compared to monoenergetic source electrons; nonetheless, the 
average doses for both were similar. The 2D dose maps showed a uniform dose distribution at 
the top pellet surface and a significantly non-uniform distribution at the bottom of the pellet. 
These results emphasize the effectiveness of the MC method in determining non-uniform doses 
within materials, which can be used in quantifying the changes in the material properties at 
each separate area of the electron irradiated object.
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INTRODUCTION
Electron beam (E-beam) accelerators are widely used 
in multiple industrial and medical applications and 
investigations (Zhang et al. 2019; Uribe et al. 2009; 
Zeng et al. 2005; Marrale et al. 2015). E-beams are 

used in important radiotherapy research, for instance in 
examining the FLASH effect for efficient tumor treatment 
(Favaudon et al. 2014; Durante et al. 2017). E-beams are 
also largely used in investigating grafting and crosslinking 
of natural and synthetic polymers, as well as degradation 
and radiation damage applications (Pomicpic et al. 2020; 
Madrid et al. 2017; Kusumoto et al. 2016, 2020a). More 
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than 1500 of these accelerators are used worldwide in 
radiation processing (IAEA 2010).

Such accelerators are also used for radiation damage 
studies to ceramics (Bonevich and Marks 1991; Hobbs 
1979; Jiang 2015) that are important in fields where 
ionizing environments are present (Thomé et al. 2012). 
Some ceramics have been shown to display various 
phenomenon upon electron irradiation, inducing changes 
in grain sizes (Huang et al. 2015; Surzhikov et al. 2015), 
fast crystallizations (Huang et al. 2015), structural 
growths, and formation of nanoparticles (Longo et al. 
2013; Sczancoski et al. 2019). One of the most abundant 
ceramics present in the Earth’s crust is aluminum oxide 
(Al2O3) or alumina. The alumina ceramic is used in 
aerospace and nuclear industries for applications in 
high-energy radiations because of its excellent physical, 
chemical, and thermal properties (Richards 1991; Tang 
and Yu 2015; Visakh et al. 2017). 

Important changes have been demonstrated by E-beam 
irradiation of alumina. These include grain modifications, 
phase transformations, and crystallizations (Othman et al. 
2015; Nakamura et al. 2013; Jasim et al. 2019; Hila et al. 
2020). For sapphire crystals (that is the single crystal form 
of α-alumina), irradiations have also been employed for 
ion (titanium and chromium) diffusion in altering color 
varieties (Ahn et al. 2009, 2011, 2013). Moreover, alumina 
is used in radiation dosimeter applications (De Barros et 
al. 2007; Magne et al. 2008) and is now used as passive 
nuclear track detectors aimed at neutron, proton, and 
charged ion dosimetry (Akselrod et al. 2003; Akselrod and 
Kouwenberg 2018; Kodaira et al. 2020; Kusumoto et al. 
2020b). Therefore, irradiation research of the alumina is 
important for various applications of this ceramic material. 
This includes studying the morphological changes in the 
material as a function of the dose or energy of the specific 
radiation (Othman et al. 2015; Nakamura et al. 2013).

In characterizing the morphological changes in irradiated 
objects, it is common to report the doses received as 
well as the source radiation type and energy. The most 
important quantity in the irradiation of a medium with 
ionizing radiation is the absorbed dose. Nonetheless, few 
morphological characterization studies have focused on 
obtaining dose distributions within and at the surfaces of 
the material. For charged particle irradiation, acquisition 
of such dose distributions presents a useful opportunity 
since a single target object can receive a variety of doses 
(IAEA 2010). Therefore, the irradiation of the object under 
an E-beam can be used for the study of morphological 
effects at varying doses using only a single homogenized 
sample. Since the absorbed dose is commonly related to 
changes within a material, dose distributions can be very 
useful in morphological investigations of irradiation 
effects.

In the present study, we attempt to evaluate the dose 
distributions of an E-beam into alumina ceramics in pellet 
form. To acquire dose distributions within an irradiated 
object, the most desirable method is via MC simulations 
(IAEA 2010) since it accounts for the geometry of the 
sample as well as the entire irradiation environment 
(Mittendorfer and Niederreiter 2020). This method is 
generally used to obtain depth-dose curves of high-energy 
electrons to water phantoms for radiotherapy (Kesen et al. 
2014; Park et al. 2016, 2018; Sardari et al. 2010), but has 
also been used to determine doses for E-beams incident 
on aluminum wedges, radiation dosimeters, and can also 
be extended for industrial products (Mittendorfer and 
Niederreiter 2020; Vandana et al. 2018; Matsui et al. 2018; 
IAEA 2010). Computer codes typically used are MCNP, 
Geant4, and PENELOPE (Sempau et al. 2001; Batic et 
al. 2013; Peri and Orion 2017).

The goal of this investigation is to show the viability, 
convenience, and usefulness of the MC method in 
determining the non-uniform dose distribution of E-beams 
within the entire material. This method could prove 
useful in quantifying the changes in material properties 
at different parts or surfaces of the object. The MCNP5 
code was used for the simulation of high-energy electrons 
incident onto the alumina pellet while considering the 
environment geometry. Distributions obtained via the 
MC method were normalized to absorbed doses obtained 
experimentally using dosimetric films. The distributions 
obtained in this work include the central axis depth-
dose and depth-energy, the depth-dose for double-sided 
irradiation, and 2D surface dose maps of both the top and 
bottom surfaces of the pellet.

MATERIALS AND METHODS

Experiments
The alumina pellet was synthesized in this work using a 
sol-gel method described in our previous study (Hila et 
al. 2020). The synthesized powder was pressed at 2 tons 
with a 13-mm diameter and was subsequently heated at 
1100 °C. After synthesis, the 1.3-mm thick pellet was 
sent to the E-beam accelerator facility of the Philippine 
Nuclear Research Institute. 

The pellet was irradiated using 2-MeV electrons at an 
approximate dose of 50 kGy. During irradiation, the 
pellet was encased in a Petri dish container with a top 
covering. The energy of the E-beam was calibrated using 
an aluminum wedge (ISO/ASTM 51649).

The approximate dose was determined by the average of 
the top and bottom readings of the alumina pellet. These 
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were experimentally obtained by placing dosimetric films 
(GEX B3 Windose USA) at these surfaces. The films were 
subsequently analyzed using a Shimadzu UVMini-1240 
UV-Vis spectrophotometer. 

MC Simulations
The MCNP5 code is a multi-purpose radiation transport 
software package for coupled electron, photon, and neutron 
simulations (X-5 Monte Carlo Team 2008). This was used 
to obtain the E-beam dose distributions inside and at the 
surface of the alumina pellet. The geometries external to 
the pellet were modeled, as shown in Figure 1. A parallel 
beam of electrons was generated through a modeled disk 
source. Furthermore, the electron minimum energy cut-off 
was set to 100 keV to serve to reduce the variance.

For electron energies, two assumptions were individually 
considered: a) monoenergetic beam of electrons at 2 MeV 
only, and b) polyenergetic beam with Gaussian distribution 
of 2.0 ± 0.2 MeV (or 2 MeV with a 10% relative standard 
deviation). The latter is a practical approximation since 
the energy of electrons from E-beams typically have large 
spreads (IAEA 2010).

To obtain simulation results, the pellet was modeled 
using two different geometries shown in Figures 2a and 
2b. The first (Figure 2a) pellet model was used to obtain 
absorbed dose and electron energy as a function of depth, 
whereas the latter (Figure 2b) model was used to obtain 

the surface 2D absorbed dose mesh of the pellet. In both 
geometries, the single pellet was sliced into multiple cells. 
For the first pellet model (Figure 2a), a total of 100 layers 
were implemented. For the second pellet model (Figure 
2b), both surface mesh models were 100 µm thick with 
100 radial slices.

For obtaining electron energies as a function of depth, the 
F2 tally with energy card was used on the top surfaces 
of each cell in Figure 2a. On the other hand, to obtain 
absorbed doses, the cells in both models Figures 2a and 
2b were declared as detectors with *F8 tally for energy 
deposition within each cell. The results of each tally were 
divided by the corresponding cell mass.

All simulations were carried out using a desktop 
computer with processor Intel® Core™ i7-6700 CPU 
@ 3.4 GHz. For each simulation, a total of 10 billion 
starting electron particles were generated to achieve 
negligible relative errors.

RESULTS AND DISCUSSION

Depth-Dose and Depth-Energy Plots
Experimental irradiation of the pellet was accomplished at 
an average absorbed dose of 53 kGy. This was the average 
of the top and bottom film dosimeter measurements for the 

Figure 1. Geometry setup of MC simulations.

Figure 2. Geometries of alumina pellet for MC simulations of (a) central axis depth-dose and depth-energy 
plots, and (b) 2D dose mesh.
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alumina pellet. The top film measurement was at 45 ± 2 
kGy and the bottom film measurement was at 62 ± 3 kGy.

For the central axis depth-dose curve of the pellet, the 
simulation results from MCNP5 are shown in Figure 3a, 
in units of absorbed dose per source electron. There is little 
difference between the curve produced by a monoenergetic 
beam and by a Gaussian energy distributed beam. This 
is consistent with others for high-energy electron beams 
but the incident on water samples (Haryanto 2010; Park 
et al. 2018). Figure 3b shows both curves normalized 
to the experimental measurements. An excellent fit was 
achieved, likely because of the inclusion of the most 
significant environment geometries such as the Petri dish 
container, aluminum platform, and air atmosphere.

Moreover, the figures show that at the location of maximum 
dose, there is a 40% higher value relative to the minimum 
dose location which is the top surface. Starting from the top 
and downwards, the dose is initially increasing with depth. 
This is mainly due to the energy deposition of cascading 
secondary electrons and reduction in electron energies 
leading to increased collision stopping power that relates 

to the increase in deposited energy per unit distance. The 
slight downtrend near the bottom surface also suggests that 
as the pellet thickness increases further, the bottom dose 
measurements begin to decrease. Although expected, it is 
significant to establish since absorbed doses are typically 
reported as the average of top and bottom film readings. 
Therefore, underestimations of the doses at the innards of 
such pellets are likely to be made.

The effect of double-sided irradiation to produce a 
symmetric depth-dose distribution of the pellet is shown 
in Figure 3c. This denotes the use of two irradiation passes 
into the E-beam accelerator, wherein in the second pass the 
pellet is flipped upside down. The symmetric curve will 
only have a 10% higher dose at the center as compared 
to both the top and bottom surfaces.

Results of depth-energy plots are shown in Figures 4 and 5 
for monoenergetic and Gaussian energy distributed source 
electrons, respectively. These figures show the degree of 
energy drop as the electrons pass through the pellet. At 
the top surface, the average electron energies were slightly 
below the starting electron energy of 2 MeV. This is mostly 

Figure 3. Depth-dose curve of high-energy electrons in an alumina pellet (a) per source electron generated, (b) 
normalized to experimental dose measurements, and (c) effect of double-sided irradiation.
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due to the Petri dish cover, which attenuates the electrons 
before they reach the pellet. This suggests that the Petri 
dish cover also acts to increase the average absorbed doses 
received by the pellet, as shown in the initial upward trend 
beginning at the top surface shown in Figures 3a and 3b. 

Moreover, the increasing spread in electron energies as a 
function of depth is noticeable. A low-energy tail is found for 
both cases. Nevertheless, in both cases, the average electron 
energy as a function of depth was found to be similar.

The depth-dose and depth-energy plots translate to different 
degrees of changes in the material within the entire pellet 
depth since both absorbed doses and electron energies 
varied with depth. This is significant as the irradiation-
induced changes in this material, including grain size 
alteration (Othman et al. 2015) and atomic rearrangements 
(Nakamura et al. 2013, Jasim et al. 2019), are dependent on 
both absorbed doses and the energy of the incident electrons. 

2D Dose Mesh
The results of the 2D dose mesh of the alumina pellet are 
shown in Figures 6 and 7 for the top and bottom surfaces, 
respectively. These were obtained using the previous 

Gaussian energy assumption with dose values normalized 
to experiment. For the top surface, it is seen that a uniform 
dose is produced. Therefore, the top surface can serve 
as a uniform area for the surface characterization of the 
irradiated alumina, whereas the bottom surface has a 
significantly non-uniform dose distribution with a higher 
dose portion at the center. This edge effect (IAEA 2010) 
could have the potential in studying surface properties 
at multiple irradiation doses. It is especially useful for 
morphology data via scanning electron microscopes 
or atomic force microscopy methods using a single 
homogeneous pellet.

CONCLUSION
The dose distribution of E-beams into alumina ceramic 
pellets was obtained using MC simulations. The MCNP5 
code was used to obtain central axis depth-dose and depth-
energy plots and the 2D dose mesh of the pellet. Two 
energy distributions of the source electrons were assumed: 
a) monoenergetic 2 MeV electrons and b) Gaussian energy 
distributed electrons. Results show that both assumptions 

Figure 4. Electron depth-energy plots by monoenergetic source electrons.

Figure 5. Electron depth-energy plots by Gaussian energy distributed source electrons.
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produced no significant difference between absorbed dose 
curves. Furthermore, the average electron energies as a 
function of depth were similar in both assumptions. On the 
other hand, the result of the 2D mesh shows a uniform dose 
distribution at the top surface and a non-uniform at the 
bottom surface with a dose drop in the edges of the pellet.

The significance of MC calculations for E-beam 
irradiation was shown since, unlike high-energy photon 
irradiation, the use of high-energy charged particle 
radiation typically results in uneven dose distributions 
within the products. This is owing to the much less 
penetrating nature of charged particles that can interact 
by coulombic forces. The dose distributions can be of 
significance in quantifying the changes in the material 
properties brought about by electron irradiation. For 
instance, radiation degradation studies would be most 
pronounced at the central bottom part of a similar pellet 
at similar irradiation conditions. On the other hand, these 
results also show that the surface morphology of a single 
pellet can be used to study the effects of irradiation at 
varying absorbed doses.
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