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Abstract
In the last few decades, a lot of research has focused on the radiation interaction with complex materials such as soil. The 
mass attenuation coefficient ( � ) is important to analyze the different physical properties of porous media. For this reason, 
it is important to understand how � varies as a function of the chemical composition of porous materials. This study ana-
lyzes the influence of the chemical composition on � , from 1 to 1500keV , using the XCOM computer simulation code. Five 
types of soil, containing variable proportions of SiO

2
 , Al

2
O

3
 , Fe

2
O

3
 , and TiO

2
 , were evaluated. The results showed that the 

influence of each of the partial effects (photoelectric, coherent, and incoherent scattering), in � values, occurred from their 
dependence on the atomic number ( Z ), with greater Z influence in low energies. A detailed analysis of the influence of the 
chemical composition considering the oxides individually is also presented. In addition, this paper brings a comprehensive 
description of the methodology employed for the measurements of the radiation interaction main effects and it can also be 
used to teach physics applied courses in areas such as modern physics, dosimetry, and radiation protection, among others.
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1 Introduction

Porous media such as soils are natural and complex materials 
characterized by different chemical compositions in terms 
of minerals and oxides. Some of the major oxides found in 
the soils are SiO2 , Al2O3 , Fe2O3 , and TiO2 , among others in 
lower concentrations [1, 2]. The analysis of physical param-
eters related to the chemical composition is important due 
to its influence in the soil texture and, consequently, in the 
soil structure. Differences in the soil oxide content might 
affect the way the radiation interacts with this porous system 
[3]. For example, soils with oxide percentages containing 

chemical elements of higher atomic number (e.g., Fe2O3 
and TiO2 ) tend to attenuate the radiation more intensely in 
relation to the soils that are mainly composed of oxides that 
include chemical elements of lower atomic number (e.g., 
SiO2 and Al2O3).

The study of the radiation interaction with matter is inter-
esting in different areas of knowledge [4]. The characteriza-
tion of compound materials such as medication, polymers, 
ceramic, metallic alloys, soils and rocks, and chemical solu-
tions regarding radiation interaction is of great interest in the 
area of radiation physics [5–7]. For the soil and rock cases, 
the knowledge of the way with which the radiation interacts 
has great environmental importance. Composite materials 
such as soils can be employed for radiation shielding pur-
poses, and the knowledge of radiation properties is of prime 
relevance.

The most important physical parameters to evaluate radia-
tion absorption and scattering are the linear attenuation coef-
ficient ( k ) and the mass attenuation coefficient ( � ) [1]. The 
k represents the probability of a photon being attenuated 
by the unit of length, which depends on the photon energy, 
chemical composition, and density of the attenuating mate-
rial [8]. The mass attenuation coefficient is for example 

 * Mario A. Camargo 
 mario.camargo@ifsc.edu.br

1 Federal Institute of Santa Catarina, Canoinhas Campus, 
Canoinhas, SC, Brazil

2 Physics Graduate Program, Physics Department, State 
University of Ponta Grossa, Ponta Grossa, PR, Brazil

3 Laboratory of Physics Applied to Soils and Environmental 
Sciences, Physics Department, State University of Ponta 
Grossa, Ponta Grossa, PR, Brazil

/ Published online: 24 August 2021

Brazilian Journal of Physics (2021) 51:1775–1783

http://orcid.org/0000-0001-5998-2502
http://orcid.org/0000-0003-3371-6606
http://orcid.org/0000-0001-5073-5900
http://crossmark.crossref.org/dialog/?doi=10.1007/s13538-021-00971-y&domain=pdf


1 3

widely utilized in the photon penetration and energy depo-
sition calculations in biological shielding materials [5].

In the area of environmental physics applied to the study 
of porous media such as soil, it is necessary to understand 
how photons interact with this medium and what is the 
dependence of this interaction on the chemical composition. 
This understanding is important because several physical 
properties of the soil might be obtained from the measure-
ments of the attenuation coefficient, such as solute retention, 
bulk density, hydraulic conductivity, and porosity, among 
others [8–10].

Processes based on the analysis of X-ray or gamma-ray 
computed tomography are also directly related to the way the 
radiation interacts with the medium, since tomographic units 
are generated from the attenuation coefficients of the object 
being analyzed [11, 12]. For this reason, it is important to 
obtain representative determinations of � and understand 
the factors that affect the radiation interaction with the mat-
ter such as the photoelectric effect, coherent and incoherent 
scattering and the pair production effect [13].

There are many studies in the scientific literature about 
the effect of the material chemical composition on � values 
as those of Medhat et al. [1], Manohara et al. [4], Ferreira 
et al. [9], Mudahar et al. [14], Cesareo et al. [15], Alam 
et al. [16], Han and Demir [17], Trunova et al. [18], Medhat 
and Pires [19], Taqi and Khalil [20], Kucuk et al. [21], and 
Prandel et al. [22], to cite some of them. Most of these inves-
tigations employed experimental measurements or calcula-
tions of � using computer codes such as XCOM or Monte 
Carlo simulation methods. However, what is observed is 

that many studies do not explore in detail how different soil 
oxides influence partial and total � values. Previous studies 
on evaluating the soil elemental composition effect in partial 
and total � are still scarce. Thus, this paper presents for the 
first time a detailed analysis of the influence of the major soil 
oxides in the mass attenuation coefficient.

The main aim of this study is to analyze the influence 
of the chemical composition, mainly the four oxides that 
are most commonly found in tropical soils ( SiO2 , Al2O3 , 
Fe2O3 and TiO2 ), to determine � in the energy band from 1 
to 1500keV . To calculate � , the XCOM computer code was 
employed [23].

2  Materials and Methods

To evaluate the influence of the chemical composition in � 
values, five different types of soils were selected, regarding 
their oxide content (Fig. 1). The chemical composition of 
the four first soils (Soils 1 to 4) were obtained based on the 
study by Medhat et al. [1], while the fifth (Soil 5) was based 
on the study put forward by Pires et al. [7].

Since this study aims to analyze the influence of the 
chemical composition in the attenuation properties of the 
soils, full oxide composition values were obtained for the 
four major oxides usually found in tropical soils ( SiO2 , 
Al2O3 , Fe2O3 , and TiO2 ) through rounding. In the cases 
where the sum of the four oxides did not result in 100%, the 
residual value was added for SiO2.

Fig. 1  Composition of the soils 
under study as a function of the 
four major oxides most com-
monly found in tropical soils 
(Soils 1–5)
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The � values were determined by using the XCOM com-
puter code (Version 1.5), which gathers information from 
a data base of attenuation coefficients [23]. This program 
enables � determination for pure and compound elements 
or mixtures with atomic number ( Z ) varying from 1 to 100 
in the energy band from 1 to 100GeV . The � ( cm2g−1 ) value 
of a compound or mixture is given by [24]

where �i is the mass attenuation coefficient of the ith term. 
For compounds and mixtures, the weight fraction Wi do ith 
term is written as

where Ai is the atomic weight of the i-th element and ni is 
the number of formula units.

When photons interact with a certain material, different 
interaction partial events occur, which contribute to the � 
total value:

where �C , �PE , �IC , and �PP represent, respectively, the par-
tial attenuation coefficients referring to the following effects: 
coherent scattering (Rayleigh), photoelectric effect, incoher-
ent scattering (Compton effect), and pair production. The 
partial interaction effects are directly related to their atomic 
cross-sections ( cm2atom−1 ) [25, 26]:

where NA is the Avogadro’s number, A is atomic mass, Z 
is the atomic number, and hv is the photon energy. The 
terms �IC , �PE , and �PP are the cross-sections for the dif-
ferent interaction effects. The values of each cross-section 
are dependent on the values of Z and the incident photon 
energy (Table 1).

Unlike what occurs in attenuation experimental measure-
ments using X-ray or gamma-ray, the theoretical analysis of 
� using the XCOM enables the evaluation of the different 
processes of the radiation interaction with matter [23]. The 
probability of occurrence of each one of the radiation attenu-
ation partial effects as a function of the energy and atomic 
numbers of the substances is presented in Fig. 2.

Dotted and continuous lines in Fig. 2a indicate the energy 
bands and Z values where each of the effects is predominant. 
The hatched region represents the region analyzed in this 

(1)� =
∑

i

Wi�i

(2)Wi =
niAi

∑

j niAj

(3)� = �C + �PE + �IC + �PP

(4)�(IC,PE,PP) =
NA

A
�(IC,PE,PP)

(5)�C

∼
∝

Z

(hv)2

study, which is between the elements iron ( Fe ) and oxygen 
( O ), in the energy band between 1 and 1500��� . Figure 2 
b shows the percentage, in relation to the total attenuation, 
with which each interaction process contributes to the total 
� value as a function of the incident photon energy. The � 
dependence on the incident photon energy, as well as the 
individual contributions of each interaction process of the 
radiation with matter are presented in Fig. 2c. Table 2 shows 
the weight fraction of the chemical elements found in the 
soils under analysis. This result was also obtained using the 
XCOM.

In this study, four photon additional energies were selected 
referring to the radiation sources of 241Am(59.54keV) , 
133Ba(356keV) , 137Cs (661 keV) , and 60Co (1.33 MeV) . It 
seems relevant to emphasize that the energy band selected 
is due to the usual values of energies found in the X-ray 
tomography equipment and the most used radiation sources 
in experimental studies involving porous media such as soil 
(we also highlight that no experimental measures were car-
ried out with these radiation sources or any tomographic 
equipment in the present study) [28, 29].

3  Results and Discussion

Figure 3 shows partial and total � values as a function of 
energy, while Figs. 4 to 7 present the correlations between 
partial and total � of the soils as a function of the partial 
and total � of each one of the oxides found in the soils under 
investigation. The � values of the oxides were also calculated 
using the XCOM, by selecting the compound materials and 
the same energy band and additional energies.

When analyzing the way the partial effects affect the 
total mass attenuation coefficient, the photoelectric effect is 
expected to predominate in the � value in low energies, while 
with the increase in the photon energy, the incoherent scat-
tering and the pair production effects start to influence � val-
ues more significantly [25, 26]. Figure 3, as expected, shows 
greater influence of the photoelectric effect followed by the 
coherent and incoherent scattering, respectively, as a function 

Table 1  Dependence of the process of radiation interaction with mat-
ter on the atomic number ( Z ) and photon energy ( E ) ( adapted from 
Appoloni et al. [27])

Process Z dependence Dominant energy region

Coherent scattering Z
2−3

< 30keV

Photelectric effect Z
4−5 < 30keV

Incoherent scattering Linear 150keV < E < 3MeV

Pair production:
Nuclear field Z

2
> 50MeV

Electron field Linear
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of the gradual increase in energy. Regarding the photoelec-
tric effect and the coherent scattering, the greater influence of 
these effects is mainly noticed in the regions of lower energies 
( E < 10keV ) of the soils investigated. The influence of the 
incoherent scattering becomes more relevant in the intermedi-
ary energy regions ( E > 100keV ) regarding total � (Table 1).

It seems relevant to highlight that the results for the pair 
production effect are not presented in this study due to the 
energy band and additional energies selected. Very high 
energies are not usually used in porous systems studies, 
especially in measurements carried out in laboratory, and 
for this reason, the influence of the pair production effect in 
total � might be neglected.

The dominance of each one of the effects might be 
explained from the Z dependence on the partial cross-sections, 
a sequence is observed that progresses from Z4−5 to a linear 

dependence on Z , for the different effects (Table 1). Based on 
the results presented, no significant differences were observed 
in the behavior of total and partial curves (different effects) 
between the soils under study (Fig. 3).

With the increase in the photon energy, � values decrease 
up to the intermediary energy values, such as the ones ana-
lyzed in this study [21]. Figure 4 shows the graphs of cor-
relation between the � of the soils and the � of the oxides 
found, regarding coherent scattering. In lower energies 
(higher � values), the coherent scattering is more sensitive 
to the soil chemical composition. This is evidenced by the 
greater separation of values for the different soils. Regarding 
high energies (lower � values) the coherent scattering as well 
as the chemical composition become less important. It seems 
relevant to mention that high energies, in this case, represent 
intermediary energies when working with a photon energy 
band that includes the pair production effect.

The greater separation of � values is due to the amount 
(weight fraction) of chemical elements with higher Z values 
present in the soils investigated (in this case Fe and Ti that 
show, respectively, Z = 26 and Z = 22 ) (Table 2). In this 
study, the following (decreasing) order was observed: Soils 
3, 2, 4, 1, and 5 (overlap of the 1 and 5). These soils pre-
sented the following amounts of Fe + Ti : 22% (3), 14% (2), 
11% (4), 3% (1), and 3% (5). Therefore, the straight line 1:1 
for Fe2O3 and TiO2 is closer to the Soil 3 straight line, while 
the straight line 1:1 for Al2O3 and SiO2 is closer to Soils 1 
and 5, regarding coherent scattering.

Fig. 2  a Predominance of the 
different effects of the radiation 
interaction with matter as a 
function of atomic number ( Z ) 
and photon energy ( E ). b Con-
tribution of each partial effect 
to the total value of the mass 
attenuation coefficient ( � ) as a 
function of the photon energy. c 
Variation of � as a function of 
energy regarding partial effects 
and total � . The results of b, c 
refer to soil 1
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Table 2  Weight fraction of the chemical elements constituting the 
four main oxides found in the soils under study

Atomic number ( Z) Fraction by weight

Soil 1 Soil 2 Soil 3 Soil 4 Soil 5

O(Z = 8) 0.51 0.47 0.44 0.46 0.51
Al(Z = 13) 0.16 0.17 0.19 0.28 0.10
Si(Z = 14) 0.30 0.22 0.15 0.15 0.36
Ti(Z = 22) 0.01 0.02 0.02 0.01 0.01
Fe(Z = 26) 0.02 0.12 0.20 0.10 0.02
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Fig. 3  Mass attenuation coefficient for the coherent and incoherent scattering effects and photoelectric effect of the 5 soils under study
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The correlation between � values for the soils and oxides 
found regarding the incoherent scattering is presented in 
Fig. 5. As for the incoherent scattering, a linear dependence 

on Z is noticed, since the � values, in the energy region 
where this effect predominates are approximately constant 
[1]. In the incoherent scattering, the following (decreasing) 

Fig. 4  Correlation between the 
mass attenuation coefficients for 
the coherent scattering effect of 
the 5 soils as a function of the 
4 major oxides. Soils 1 and 5 
show an overlap of the adjust-
ment straight lines in the four 
correlations presented
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sequence was observed: Soils 5, 1, 4, 2, and 3. The amount 
of Si + Al  explains the differences observed between the 
soils, with the following percentages: 46% (5), 46% (1), 43% 
(4), 39% (2), and 34% (3) (Table 2).

The results obtained from the soils with higher Si + Al 
contents (Soils 1 and 5) were closer to the straight line 1:1, 
when correlated to the μ values for SiO2 and Al2O3 . How-
ever, soils with lower amounts of these chemical elements 
and higher Fe and Ti content presented underestimated 
attenuation values in relation to the SiO2 and Al2O3 oxide 
attenuation. Therefore, the lower the amounts of Si and Al 
in the soils are, the farther from the straight line 1:1 the 
adjustment straights are when the correlation of SiO2 and 
Al2O3 is analyzed. Regarding the soils with higher Fe and 
Ti content (Soils 3, 2 and 4), when correlated to the attenu-
ation due to Fe2O3 and TiO2 , greater proximity is observed 
of the adjustment straight lines for these soils in relation to 
the straight line 1:1.

When the photoelectric effect is analyzed (Fig. 6), � 
values are strongly influenced by the soil chemical compo-
sition in the low energy band (higher � values), evidenced 
by the greater separation between the adjustment straight 
lines of the different soils. Regarding the higher energies 
studied (lower � values), a decrease in the importance of 
the photoelectric effect in the � values is observed, with a 
tendency to show values close to zero. The photoelectric 
effect is highly influenced by the chemical composition of 

the soil, due to its cross-section being strongly depend-
ent on Z  (Table 1) [30]. The sharp fall with the energy 
variation is explained by the dependence on the inverse 
of the energy for the photoelectric effect ( E3.5 ) [25, 26]. 
The straight lines that were closer such as Soils 4 and 2, 
in the incoherent and coherent scatterings, start to present 
greater separation, mainly due to the higher amount of 
Fe + Ti (Soil 2: 14% and Soil 4: 11%) in these two soils.

When analyzing the adjustment straight lines, regarding 
SiO2 and Al2O3 , the μ straight lines for Soils 1 and 5 are 
close to the straight line 1:1, which is directly related to 
the amount of the elements Si and Al in those soils. The 
soils with the lowest Si and Al amounts tended to present 
overestimated � values, due to the lower influence of these 
chemical elements. On the other hand, when the relation 
between the attenuation due to the Fe2O3 and TiO2 oxides 
and � for the photoelectric effect is analyzed, the adjust-
ment straight lines of the soils with higher amounts of the 
elements Fe and Ti tend to remain closer to the straight line 
1:1. The fact that greater influence of the elements with 
higher Z was observed in the photoelectric effect explains 
the distancing of the adjustment straight lines of the dif-
ferent soils in relation to the straight line 1:1 for Fe2O3 
and TiO2.

Figure 7 presents the existing relation between total μ for 
the different soils and � for the major oxides under study. 
A very similar behavior was observed in the photoelectric 

Fig. 6  Correlation between the 
mass attenuation coefficients 
for the photoelectric effect of 
the 5 soils as a function of the 
4 major oxides. Soils 1 and 5 
show an overlap of their adjust-
ment straight lines in the four 
correlations presented
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effect results, in the energy band used in this study (Fig. 6). 
This shows that the photoelectric effect along with the 
coherent scattering present great influence in the results, 
mainly regarding lower energies. This can be evidenced by 
the comparison of the attenuation magnitudes due to the 
photoelectric effect, mainly in the low energy band, in rela-
tion to the magnitude of the remaining effects (Fig. 3). In 
higher energies, the influence of the incoherent scattering 
is also observed in the results obtained (Fig. 5).

The results presented in this study show that the pos-
sibility of the use of accurate theoretical cross-sections 
for complex compounds, like soils, can allow a detailed 
analysis of the behavior of radiation interaction processes, 
such as those related to the partial photon interaction effects 
(photoelectric effect, coherent and incoherent scatterings, 
and pair production). The knowledge of the way with which 
radiation interacts with soil is of great importance for 
understanding many of their physical properties as well as 
for studying the radiation absorption properties of the soils 
focusing on their future use as radiation shielding materials.

4  Conclusions

The results presented here involved the computational simu-
lation of the mass attenuation coefficient using the XCOM 
program, which has been widely employed in the radiation 

physics field due to its ease of use and accessibility. This 
work presented a detailed analysis of the influence of the 
main soil oxides on the values of the mass attenuation coef-
ficient in the energy band between  1 and 1500keV . This 
study presented as an unprecedented result the analysis of 
the effect of each oxide on the partial and total attenuation 
coefficients in comparison with the total oxide composi-
tion of each soil. Thus, it was possible to demonstrate the 
impact of each oxide on the attenuation properties of the 
soils. Another important result of this study was to show for 
the first time the influence of photon energy on the correla-
tion between each oxide and the total oxide composition of 
each soil studied.

The results showed that in low energy bands, the pho-
toelectric effect was the main factor of the attenuation; 
however, the coherent scattering also contributed to a lesser 
extent, in all soils investigated. The photoelectric effect is 
also the effect that was seen to be the most sensitive to the 
soil chemical composition, mainly in relation to Fe and Ti 
contents. In energies over 100 keV , the incoherent scattering 
became predominant in the radiation interaction in all soils, 
presenting a linear dependence on Z.
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