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In this study, it was calculated the coefficient of mass absorption of X-rays (𝜇 𝜌)⁄
𝐸

 resulting 

from photoelectric absorption in X-ray absorption spectra like an energy function, while 

determining the effective atomic number (𝑍𝑒𝑓𝑓) for (CdO) and (ZnO) compounds.in the energy 

range of (1-100 keV) using a theoretical equation, the theoretical results  were than compared 

with the results predicted by using the programs (xcom, ffast) noticeable differences were 

observed in the values of the theoretical results and the values of the experimental or semi- 

experimental results from programs (Xcom, Ffast) because the theoretical equation considers 

the material to be homogeneous and ideal and depends on the absorption resulting from the 

photoelectric effect, this is in addition to the effect of absorption edges. The equation 

theoretical followed the same experimentally proven course: with increasing X-ray energy, the 

mass absorption coefficient of material decreases,.All calculations and graphical 

representations were performed using MATLAB 2020. The linear correlation coefficient 

between the theoretical and experimental results was also calculated using one of advanced 

MATLAB, algorithms were used to demonstrate the degree of agreement between the results 

MATLAB 2020 theoretical and experimental statistical method using function Cftool. 

This is an open-access article under the CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/) 

The official journal published by the College of Education at  Mustansiriyah University 

Keywords: Absorption; effective atomic number; effective charge; mass absorption; X-ray.  

1. Introduction 

X-rays are electromagnetic radiation with a short wavelength a high frequency. Roentgen won the first Nobel prize in 

physics for his discovery of X-rays in 1981. This radiation was described as having the ability to penetrate at high levels 

and may be absorbed when penetrating a material [1]. From here begin the importance of the concept of the mass 

absorption coefficient as a factor that determines the fate of the rays, whether they are absorbed or scattered, depending on 

their energy and the composition of the material through which the X-rays penetrate [2]. There is also a concept no less 

important than the mass absorption coefficient of X-rays, which plays an effective role in understanding and explaining the 

mechanism of X-ray absorption by various materials. This concept is represented by the effective atomic number or 

effective nuclear charge, which is the net charge that the electron is exposed to in the atom, with an explanation of the 

effects of shielding or protection (s) by other electrons, as it plays a pivotal role in providing explanation for the 

phenomenon of X-ray absorption through. There is a possibility of X- ray reaction with matter and this possibility increases 

as the effective atomic number increases [3]. Absorption by materials varies due to the difference between elements 

according to the periodic table [4]. The effective atomic number is also a basis upon which the design of materials for 

radiation protection is built, and it also plays a distinct role in improving radiological imaging techniques [5]. Modern 

studies demonstrate that the effective atomic number enables accurate prediction of material behavior under X-ray 

exposure, particularly in medical physics and materials science applications [6]. Recent advances in computational 

modeling have further enhanced our ability to calculate 𝑍𝑒𝑓𝑓  for complex compounds and mixtures [7]. Therefore, studying 

and calculating the mass absorption coefficient of x- rays and the effective atomic number of materials aim primarily to 

evaluate the ability of materials to absorb and understand the physical phenomena associated with absorption, as it has a 

role in various applications (medical, electronic, protective and industrial). It also helps in studying the chemical properties 

of materials. One of the methods that highlight its importance and interest researchers, which contribute to understanding 

and processing X-ray absorption coefficient data, especially for the compounds ZnO and CdO, is the XRD method [8]. It 
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has also been experimentally proven that both compounds have very sensitive structural, electrical and optical properties 

for thin films and have wide-ranging applications [9]. 

 

2. Theoretical background 

The mass absorption coefficient (𝜇 𝜌)⁄
𝐸

 is defined as the rate at which a substance absorbs X-rays per 

unit mass. In compounds, it depends mainly on the physical properties of the elements that make up 

the compounds as shown in Table 1 including the energy of X-rays (𝐸), the atomic number (𝑍) and the 

weight fraction of the element in the compound [10].  

Table 1. The most important physical and chemical properties of compounds (CdO, ZnO) [11] 

The property CdO ZnO 

Scientific name Cadmium oxide Zinc oxide 

Density (𝑔 𝑐𝑚3⁄ ) 8.15 5.61 

Color  Olive green White 

Melting point (𝐶𝑜) 1500 1975 

Boiling point (𝐶𝑜) Decomposes upon heating 2360 

Crystal structure FCC- Cubic Hexagonal 

Molecular weight 128.41 81.38 

 

Since the mass absorption coefficient of X-ray in this study depends on the energy of X-ray photons 

and according to the Beer-Lambert law it is applies only to photoelectric excluding Rayleigh-Thomson 

scattering, (Compton, reversal), fluorescence Okker electron emission, pair formation, and other 

nuclear reactions. At low energy levels below 500 keV and for materials with high atomic numbers, 

photoelectric absorption is dominant [12]. Therefore, the specific was used calculate the X-ray 

absorption coefficient in compounds [13]: 

[µ/𝜌]𝑠 = ∑ 𝑊𝑖

𝑖

[𝜇/𝜌]𝑖 (1) 

Where [µ/𝜌]𝑠 refers to the compound the mass absorption coefficient, 𝑊𝑖 here it refers to the weight 

fraction of elements in the compound, [𝜇/𝜌]𝑖 refers to element the mass absorption coefficient in 

compound extracted from (2) [14]: 

 𝜇 𝜌 = 𝜌𝑧4 /𝑚𝐸3⁄  (2) 

The effective charge or effect atomic number, which represents the force felt by the electron from the 

nucleus, taking into account the effect of shielding by other electrons is extracted according to slater’s 

rule. The importance of Slaters rule lies in understanding the extent to which the nucleus of an atom 

influences a particular electron. This is a clear way to understand the behavior of electrons within 

molecules and atoms. It also plays an important role in many chemical and physical applications, 

especially in atomic physics, as it is used to explain the behavior of metals and non-metals, ionization 

energy, and other important atomic properties [15] . Accordingly, by knowing the amount of shielding 

(𝑆), the linear relationship is used to calculate the effective charge or effective atomic number [16]: 

𝑍𝑒𝑓𝑓 = 𝑍 − 𝑆 (3) 

𝑍𝑒𝑓𝑓 refers to the effective atomic number, 𝑍 refers to the atomic number and 𝑆 refers to the amount of 

shielding. The relationship can also be used to extract the effective atomic number for compounds 

[17]. 

𝑍𝑒𝑓𝑓 = (∑ 𝑤𝑖 𝑧𝑖
3) (4) 
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3. Research methodology 

In this study, the X-ray mass absorption coefficient in the range (1-100 keV) resulting from the 

photoelectric effect of the compounds (ZnO, CdO) and the elements composing the compound were 

calculated by applying (1) and (2). The X-ray mass absorption coefficient of ZnO and CdO were also 

extracted using the programs Xcom and Ffast. The shielding factor (𝑆) of the tow compounds was also 

calculated using Slater’s rule to extract the effective atomic number of the studies compounds by 

applying (3). To obtain theoretical results closer to the practical results, the atomic number in (2) was 

replaced by effective atomic number. Then, all the results were tabulated and represented graphically, 

and a comparison was made between all the results extracted by different methods. All calculations 

were performed using MATLAB 2020. The (Cftool) [18] was used to obtain a fitting model, resulting 

in an equation with constants that provide optimal results matching those of (1). Therefore, the fitting 

equation is: 

𝜇 𝜌 = 𝑎 ∗ 𝐸−𝑏⁄  (4) 

Where the values of the constants for the compounds were as follows:  

 𝑎 to ZnO = 7.079 × 104 

 𝑎 to CdO = 333.3  

 𝑏 = -3 for both compounds. 

 

4. Results and discussion 

In Fig. 1 and Table 2, we observe that the mass absorption coeff. of cadmium oxide shows a general 

decrease as increasing of the X-rays energy. There is a noticeable rise in the mass absorption 

coefficient at very low energies. However, at higher energy levels, specifically above 40 keV, the mass 

absorption coefficient becomes very low and then gradually stabilizes due to the weakening of the 

photoelectric effect. When comparing the curves, we notice that the curve representing the values from 

(1) (𝑃. 𝑊) exhibits a greater decrease than the other curves. This decrease between the curve derived 

from (1) and the other experimental curves arises from interactions between electronic levels of 

different elements within the compound, at the low-energy range of X-rays, we observe that the mass 

attenuation coefficient of cadmium oxide is high and sharp in all theoretical and experimental models, 

with some fluctuations in certain curves. These fluctuations are attributed to potential interactions 

between absorption mechanisms. In the intermediate range, the mass absorption coefficient begins to 

decrease gradually, but noticeable differences remain between the values obtained from theoretical and 

experimental models. However, in the high-energy range, a clear convergence between the models 

becomes evident. This is due to the weakening of the photoelectric effect in this range, we note a close 

agreement between the results of (1) after modification by replacing the atomic number alongside the 

effective atomic number and the experimental data obtained from the Xcom and Ffast programs. This 

indicates that the equation, expressed in terms of the effective atomic number of cadmium oxide, 

yields result closer to experimental data. Thus, modifying (1) may align with experimental findings for 

certain compounds in the intermediate range, the mass absorption coefficient begins to gradually 

decrease, but the differences remain noticeable between the values of the theoretical and experimental 

models used. As for the high-energy range, it clearly shows the extent of convergence between the 

models used, and the reason for this is attributed to the weakening of the photoelectric effect in this 

range. In the table above, we notice a convergence between the results of (1) after its modification and 

replacement of its number of atomic with the effective number of atomic and the experimental results 

extracted from the Xcom and Ffast programs [19]. That is, the equation in terms of the effective 

atomic number for cadmium oxide yields results closer to the experimental results, meaning that 

modifying (1) may align with the experimental results for some of the compounds. 

Table 2. It shows the values of the mass absorption coeff. of X-rays as an energy function, both 

theoretically and experimentally, for (ZnO) 
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Energy 

(keV) 

Absorption 

coefficient of X-

ray 

by p.w 𝑐𝑚2/𝑔) 

Absorption coefficient 

of X-ray by p.w𝑧𝑒𝑓𝑓 
𝑐𝑚2/𝑔) 

Absorption coefficient 

of X-ray by XCOM 

𝑐𝑚2/𝑔)  

Absorption 

coefficient of X-

ray by FFAST 

𝑐𝑚2/𝑔) 

1 

1.5 

2 

2.5 

3 

3.5 

4 

5 

6 

8 

10 

15 

20 

30 

40 

50 

60 

80 

100 

70790.663 

20975.011 

8848.832 

4530.602 

2621.876 

1651.094 

1106.104 

566.325 

327.734 

138.263 

70.790 

20.975 

8.848 

2.621 

1.106 

0.566 

0.327 

0.138 

0.070 

53208.843 

15765.583 

6651.105 

3405.366 

1970.697 

1241.022 

831.388 

425.670 

246.33 

103.92 

53.208 

15.765 

6.651 

1.970 

0.831 

0.425 

0.246 

0.103 

0.0532 

2146 

4176 

2040 

1373.5 

706.9 

516.4 

325.9 

176.9 

106.8 

47.74 

187 

64.69 

29.4 

9.34 

4.053 

2.099 

1.22 

0.5128 

0.2605 

2014.415 

4061.1 

1979 

1122.3 

690.65 

451.971 

312.815 

170.568 

102.009 

43.549 

184.913 

65.697 

31.633 

10.214 

3.878 

2.139 

1.177 

0.530 

0.235 

 

 

Fig. 1. The mass absorption coeff. of (CdO) as an energy function, theoretically (P.W), P.W.zeff by 

effective atomic number, fit p.w by fitting P.W and experimentally from the XCOM and FFAST 

programs 

In Fig. 2 and Table 3, at the low-energy range of X-rays, we observe that-the mass absorption coeff. of 

cadmium oxide is sharp and high in all theoretical and experimental models, with some fluctuations in 

certain curves. These fluctuations are attributed to potential interactions between absorption 

mechanisms. In the intermediate range, the mass absorption coefficient begins to decrease gradually, 

but noticeable differences remain between the values obtained from theoretical and experimental 

models. However, in the high-energy range, a clear convergence between the models becomes evident. 

This is due to the weakening of the photoelectric effect in this rang, we note a close agreement 

between the results of (1) after modification by replacing the number of atomic with the atomic 

number effective and the experimental results extracted from the Xcom and Ffast programs. This 
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indicates that the equation, expressed in terms of the effective atomic number of CdO, yields result 

closer to experimental data. Thus, modifying (1) may align with experimental findings for certain 

compounds. 

Table 3. It shows the values of the mass absorption coeff. of X-rays as an energy function, both 

theoretically and experimentally, for CdO 

Energy 

(keV) 

Absorption 

coefficient of X-

ray by  

p.w (𝑐𝑚2/𝑔) 

Absorption 

coefficient of X-ray 

by p.w 𝑧𝑒𝑓𝑓 

)𝑐𝑚2/𝑔) 

Absorption coefficient 

of X-ray by XCOM 

𝑐𝑚2/𝑔) 

Absorption 

coefficient of X-ray  

by FFAST 𝑐𝑚2/𝑔) 

1 

1.5 

2 

2.5 

3 

3.5 

4 

5 

6 

8 

10 

15 

20 

30 

40 

50 

60 

80 

100 

330.302 

97.867 

41.287 

21.139 

12.23 

7.703 

5.160 

2.642 

1.529 

0.645 

0.330 

0.097 

0.041 

0.012 

0.005 

0.002 

0.0015 

0.0006 

0.0003 

299093.9 

88620.43 

37386.7 

19142.0 

11077.5 

6975.95 

4673.34 

2392.75 

1384.69 

584.167 

299.09 

88.620 

37.386 

11.077 

4.673 

2.392 

1.384 

0.584 

0.299 

7001 

2752 

1370 

932.7 

495.4 

410 

1031 

674.6 

419.4 

195.9 

107.3 

35.22 

15.78 

32.31 

15.09 

8.197 

4.936 

2.187 

1.153 

5823.34 

2248.204 

1268 

476.872 

322.101 

15.72 

315.721 

620.6 

438.109 

183.088 

105.963 

35.138 

16.686 

35.405 

14.483 

8.377 

4.797 

2.263 

1.050 

 

By comparing the theoretical results with the experimental results issued by the programs (Xcom, 

Ffast) we notice a significant difference even after modifying the equation by replacing the atomic 

number with the effective atomic number shown in Table 4. The reason for this noticeable difference 

is that the theoretical model relies on simplifications that neglect the interactions between the elements 

of a single compound also, the theoretical model used Tahes into account only the absorption resulting 

from the photoelectric effect, neglecting the rest of the effects of scattering and absorption edges. That 

is, it is an approximate model that neglects the small effects of energy and chemical composition. As 

for the experimental programs, they into account all the physical phenomena a comparing absorption. 

They even take into account the subtle effects that do not appear in the theoretical equations, by 

observing the results of both compounds (CdO, ZnO), we note that the CdO compound has properties 

that make it highly absorbent of X-rays , especially in the low energy range , which can make it the 

preferred compound in radiation applications that require high shielding efficiency, while the ZnO 

compound has acceptable performance , which can make it preferred in systems that require a balance 

between radiation transparency and the minimum level of protection [20]. When comparing the results 

of both ZnO and CdO at the low energy range, the CdO compound shows higher values for the mass 

absorption coefficient then ZnO this is attributed to the higher atomic number possessed by Cd. In the 

range (10-30 keV), ZnO shows a gradual decrease in the mass absorption coefficient with increasing 

the energy. In the high ranges, the absorption mechanism by Compton scattering is prominent, with the 

mass absorption coefficient continuing to decrease with increasing energy. However, we note that CdO 

maintains higher values for the mass absorption coefficient than ZnO, which illustrates the effect of the 

higher atomic number of CdO. The difference in physical and chemical properties, as shown in Table 4 

for the two compounds CdO and ZnO, has a direct and noticeable effect on the values of the mass 

absorption coefficient of X-rays. For both, the atomic number and high density of the CdO compound 
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play a distinct role in giving it a higher absorption capacity than the ZnO compound, in addition to the 

absorption edges whose effect is prominent in the medium energy range. 

Table 4. The effective atomic number and shielding effectiveness for CdO and ZnO 

Compounds  Effective atomic number (𝑍𝑒𝑓𝑓) Shielding effectiveness (𝑆) 

CdO 45.92 9.68 

ZnO 27.93 2.17 

 

 

Fig. 2. The mass absorption coefficient Zinc oxide as a function of energy, theoretically (P.W) 

P.W.zeff by effective atomic number, fit p.w by fitting P.W and experimentally from the XCOM and 

FFAST 

5. Conclusions 

The method used in this study is simple, fast and applies at low and medium energy levels, as it relies 

on the photoelectric absorption of X-rays of the target compounds. However, one of the most 

important conclusions of this study is that the process of modifying the equation in terms of the 

effective atomic number in the equations for calculating the mass absorption coefficient of X-rays of 

the target compounds represents a qualitative shift in describing the relationship between matter and 

radiation interaction, meaning that it will provide a more accurate representation of the radiation 

interaction with matter. This substitution is not just a mathematical modification, but rather a 

transformation in terms of concept that brings theoretical models closer to experimental results and 

opens up broad horizons for X-rays in terms of application in various fields (medicine, industry and 

scientific research), thus giving mathematical modern interaction. It can be said that the mass 

absorption coefficient of CdO is greater than the mass absorption coefficient of ZnO in the energy 

range where the photoelectric effect dominates, and this difference between them decreases at high 

energies due to the dominance of Compton scattering. Therefore, we conclude that the atomic number 

of metals in their oxides has great effect on the mass absorption coefficient, especially at low energies, 

which makes CdO a higher absorber than ZnO, and with increasing energy this difference decreases. 
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