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The aim of the study is to evaluate some basic gamma-ray attenuation properties of various types of biomaterials used in 
the human body as synthetic or natural materials. GAMOS 6.2 is used to compute the Linear Attenuation Coefficient (LAC). 
Other critical parameters Half Value Layer (HVL), Tenth Value Layer TVL, and Mean Free Path (MPF) are determined as 
well. During the computational phase of the study, a mono-energetic point photon source geometry with energies ranging 
from 1 keV to 20 MeV is used by directing a parallel photon beam toward the absorber material using Monte Carlo 
software. Radiation shielding properties are measured in the experiment section of the study at 662, 1173, and 1332 keV. 
M3 has the best values for the investigated parameters. Furthermore, metal biomaterial M3 with Cr, Mn, Fe, Co, and Mo 
elements and 8.4 g/cm3 density has the lowest HVL, TVL, and MPF values. According to our findings, M3 has exceptional 
gamma-ray attenuation properties in metal biomaterials. The Monte Carlo method is shown to be a viable option for 
calculating mass absorption coefficients at the desired gamma energy, especially for samples that are physically demanding 
to generate. 
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Introduction 
Biomaterials are natural or synthetic materials 

utilized to interface with the biological environment 
or to heal, replace, or repair damaged or diseased 
tissue used in the human body. Medical devices that 
are implanted and extracorporeal are created using 
these materials. Investigators have discovered the 
necessity to improve biocompatibility since 
biomaterials are chosen based on mechanical, 
physical, and biological qualities. Medical and 
engineering experts have created biomaterials that 
interact with tissue for over 50 years. Biomaterials are 
used in various technologies today, including artificial 
hearts, pacemakers, artificial eyes, dental implants, 
and hip prostheses. Biomaterials utilized in the human 
body as either synthetic or natural substances serve a 
crucial tissue function1-5.  

Since its discovery, radiation has been put to 
numerous uses, including energy production in power 
plants, radiological applications in medicine, 
foundational scientific research, and industrial 
applications. By producing ionization and excitation 
interactions in the irradiated material medium, 
indirect ionizing radiation transports energy. These 

interactions vary depending on the incoming photon's 
energy and the absorbing medium's composition6.  
Gamma radiation can penetrate the human body, 
ionizing and destroying tissue7, 8. Consequently, 
gamma-ray shielding is of most significance to 
scientists, and numerous recent studies have been 
conducted in this area. The attenuation coefficient 
quantifies the likelihood of photon scattering or 
absorption interactions per unit mass of the absorbing 
medium. However, there are literature studies for μ/ρ 
based on experimental9-30 or computational 
assessments 8, 16, 18, 30-50. For a few materials, the 
possibility of photons entering scattering or 
absorption interactions per unit mass of the absorbing 
medium is represented by the attenuation coefficient 
(μ/ρ), which is estimated at specific energy points or 
by computer analysis.  

This work aims to calculate μ/ρ data using the 
Monte Carlo method for various metals in the energy 
range 1 keV-20 MeV and to compare them with both 
experimental data and XCOM. This technique permits 
the determination of Linear Attenuation Coefficient 
(LAC) over a broad energy range for any element, 
compound, or mixture, based on a simple geometry 
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model, source identification, and elemental weight 
percentages of the compounds. In the simulations 
performed with GAMOS a single-energy point photon 
source geometry was used by directing a parallel 
photon beam onto an absorber material 
 
Experimental Section 

Gamma rays with energies of 662, 1173, and 1332 
keV emitted by 137Cs and 60Co radioactive sources were 
used in the experiment, and attenuation coefficients were 
calculated. The measurements were made with a gamma 
spectrometer system that included NaI(Tl) and a 16k 
multichannel analyzer in The Physics Department of the 
Faculty of Science at Süleyman Demirel University 49. 
The components above were attached to the A Maestro 
software application to convert the electric signal 
obtained from the multi-channel analyzer to a count. The 
detector was ringed with lead to reduce background 
radiation, as seen in Fig. 1. Background measurements 
were acquired separately and eliminated from the 
original spectra. This approach has been employed in 
several experimental research50, 54. 

The radioactive sources used in this experiment 
were 137Cs and 60Co. When gamma rays reach an 
absorber of a specific thickness, some photons are 
absorbed while others pass through. Use the following 
equation to determine the LAC (µ) for this process.  
 =                  …(1)  
 

is the starting number of gamma-ray counts 
(recorded in the detector), I is the number of gamma-
ray counts that pass through the glass, µ is the LAC of 
the shielding material in cm-1, and x is the absorber 
thickness in cm. Fig. 2 shows an energy spectrum for 
the 137Cs and 60Co sources based on the number of 
counts collected in the detector. The difference 
between the quantity of gamma radiation captured 
with and without the absorber is striking.  

The Monte Carlo technique is a statistical approach 
frequently utilized in research and engineering. The 

method employs pseudo-random numbers and 
probability distributions to determine the mean of a 
difficult-to-calculate analytically or numerically 
physical property. It is highly applicable to radiation 
transport problems with some knowledge of beam 
parameters and elemental composition 56. 

This study calculates the LAC of specific biomaterials 
(such as metal) using the well-known Monte Carlo 
method. The simulations employ a photon source that 
emits monoenergetic photons in a parallel beam toward a 
cylindrical absorber with a NaI detector situated behind 
it. 36 distinct photon energies ranging from 1 keV to  
20 MeV were utilized to perform the simulations. 

The Monte Carlo software tool for simulating 
neutrons, gamma rays, and electron transport was 
employed in this study to simulate and then calculate 
the new materials' attenuation characteristics51. 
GAMOS (Geant4-based Architecture for Medicine-
Oriented Simulations) is a fork of the well-known 
Monte Carlo software Geant4. It is used by medical 
physicists to model radiation sources in clinical 
settings52. GAMOS provides physics programs for 
coping with numerous particles over a broad range of 
energies and scoring programs for determining the 
necessary particle characteristics. Although GAMOS 
was initially developed for medical physics simulations, 
it has been designed to accommodate the widest 
spectrum of users possible by minimizing errors 
associated with fundamental C++ knowledge 51,52. 
GAMOS now has over 2500 registered members 
globally and is quickly increasing56. 

The GAMOS 6.2 software was used to predict the 
element compositions, geometries, and radiation 
interaction characteristics of biomaterials in this 
investigation. The simulations in this work comprise a 
point photon source in a cylinder that generates 
mono-energetic photons directed parallel toward a 
cylindrical sample 20 cm distant from the source. The 
detector was designed as a NaI and was placed 50 cm 
distant from the source. 

 
 

Fig. 1 — A diagram of NaI detector for experimental measurements 
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As depicted in Fig. 3, the entire simulation 
configuration corresponds to the narrow beam 
geometry constraints used in attenuation coefficient 
experiments, guaranteeing that there is no 
contribution from scattered photons6. 

The electromagnetic physics package is the physics 
package utilized in the simulation. All particles 
reaching the surface with the surface flow were tallied 
during scoring, and the spectrum was derived using a 
classifier. The simulation was run with and without 
absorbing material for each energy. While all physical 
processes were scored, no variance reduction 
strategies were applied. Each simulation took around 
20 h to compute, and no parallel processing was 
employed. The number of 107 photons, which 
produces good results, is used to boost the precision 
of Monte Carlo computations and to generate minimal 
statistical error. The simulations were run on an Intel 
Xeon 3.9 GHz workstation with 64 GB of RAM. 

Due to their superior mechanical qualities, metals, 
and their alloys, among the most popular materials in 

the biomaterials industry, are very significant. To 
avoid deterioration in the biological environment 
inside the body, metallic biomaterials should be 
corrosion-resistant and free of toxins and allergic 
reactions. The metallic biomaterial used in place of 
bone is anticipated to match the mechanical 
characteristics of bone 1, 2, 5, 60, 61. 

Bone replacement material and joint prosthesis in 
orthopedic applications, defect repair material in 
facial and maxillofacial surgery, in trauma treatments, 
as a substructure in dentally removable and fixed 
prostheses, and subperiosteal and endosteal dental 
implants and cardiovascular surgery, application of 
artificial heart parts, catheter, heart valve 60,61. 
Elemental analyses of materials employed in the 
research Table 1 is provided.  
 
Results and Discussion 

The Io measurement was taken, also known as the 
reference measurement. Although there is no sample 
between the radioactive source and the detector, the 

 
 

Fig. 2 — Spectra of attenuated and original -rays obtained from 137Cs and 60Co sources 
 

 
 

Fig. 3 — Utilization of the GAMOS model geometry for calculation ⁄  
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intensity of the source's radiation was measured over 
time. This Io reference measurement was used for all 
biomaterials. In the second stage, the material was 
positioned between the source and the detector, and I, 
representing the attenuated radiation intensity, was 
measured. The source-detector and source-sample 
distances for each source and the measurement times 
for all samples were the same in the experiments14. 

At gamma energies varying from 1 keV to 20 MeV, 
the mass attenuation coefficient (µ/ρ) values were 
retrieved using the XCOM algorithm. The XCOM 
results are shown in Fig. 4, where the modeling and 
experimental data are compared. When the results for 
the three metals are compared, there is explicit good 
agreement between experimental and computational 
data. Furthermore, for three materials, the highest 
values of µ/ρ are at lower energies, while the lowest 
values are at higher energies. The jumps seen in the 
graphs are due to the photoelectric effect around the 
K-edge of the material. These examples are materials 
containing elements with high atomic numbers (Ti, 
Cr, Mn, Fe, and Co). As seen in the comparison of 
M1, M2, and M3 samples in Fig. 5, the differences 
between the values in this region are much larger  
than in other areas. 

The gamma-ray versus LAC plot for the GAMOS 
simulations is shown in Fig. 5. The graphs show that 
the LAC decreases as energy levels rise, and stable 
behaviour is achieved at higher energy levels. This 
implies that the LAC is significantly energy 
dependent at low energy levels but practically 
constant at high.  

This tendency can be explained by two factors: 
first, at higher energies, all materials absorb nearly 

the same amount of radiation, and second, in 
different energy ranges, distinct absorption 
mechanisms are prominent. Fig. 6 depicts the LAC 
values obtained from GAMOS simulations for the 
selected materials to aid comprehension of the 
results.  

Using the computer program MAESTRO32, the 
spectral regions were calculated during the analysis of 

Table 1 — Properties of the metal materials examined in the study 

Material Density (g/cm2) Thickness (mm) C O Al Si Ti V Cr Mn Fe Co Mo 

M1 4.45 10 4.41  5.8  85.58 4.21      
M2 8.3 12 3.85  6.09  85.86 4.19      
M3 8.4 10 8.18 2.05  0.41   24.69 1.19 0.46 58.09 4.92 

 

 

Fig. 4 — Comparison of measured, calculated and XCOM mass attenuation coefficients at different gamma energies for metals 

 
 

Fig. 5 — Comparison of measured and calculated LAC at
different gamma energies for the metals 
 

 
 

Fig. 6 — LAC of various gamma energies for the metals 
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the spectra obtained as a consequence of the 
measurements61. Where x is the material thickness 
and I and I0 are the background-subtracted counts 
recorded in the detector with and without material 
between the detector and the source, respectively,  
Eq. (1) describes the relationship between the  
material thickness and the background-subtracted 
counts. 
 =                … (1) 
 

The XCOM program, developed by Berger and 
Hubbel, is a highly effective method for theoretical 
calculations free of elements, compounds, or 
mixtures at energies ranging from 1 keV to  
100 GeV62. The mass attenuation coefficients at 
photon energies ranging from keV to GeV are 
calculated using a PC-based data bank that uses 
pre-existing data bases for coherent and incoherent 
scattering, photoelectric absorption, and pair 
formation cross-sections. The mass attenuation 
coefficients were calculated using the algorithm 

and the material's density. It was observed that the 
results of the GAMOS were found to produce 
consistent results when compared with the results 
of XCOM62. XCOM and GAMOS results show 
similar trends for M1, M2 and M3 materials, 
respectively, as shown in Fig. 7. (R2>0.99). 

The HVL concept is frequently used to evaluate the 
radiation attenuation effect of a material to be used as 
a gamma radiation shield (Fig. 8) 63-65. This idea states 
that the shield material's thickness should equal half 
the intensity of the incoming radiation plus the 
intensity of the attenuated radiation in Eq. (2). 
 =                                                             … (2) 

 
In the case of the TVL, it is defined as the 

thickness of material required to block 10% of the 
radiation in glasses and is calculated using Eq. 3. 
 =                 … (3) 

 
The MFP parameter computes the average 

distance between two subsequent collisions. As the 
distance between two successive interactions MFP 
decreases, the number of contacts between entering 
photons and material atoms rises, and therefore 
absorption and attenuation increase 66,67. MFP is 
comparable in that it can be derived from the LAC 
values, as given in Eq. (4).    
 =                 … (4) 
 

For M1, M2, and M2 materials, we examined the 
variation of the reduction coefficient with density and 
the HVL (Fig. 8), TVL (Fig. 9), and MFP (Fig. 10) 
values. For all metals, it is seen in Fig. 10 that the 
LAC increase with increasing material density. 
Similar results were obtained for all energies. It has 
been shown in many studies in the literature that the 
LAC increase as the density increases.  

 
 

Fig. 7 — (μ /ρ) from Monte Carlo simulations plotted against data from the XCOM database 

 
 

Fig. 8 — HVL values for metals 
 

 
 

Fig. 9 — TVL values for metals 
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Conclusion 
Monte Carlo computations were conducted at 

various gamma energies to assess the radiation 
shielding efficacy of multiple metal materials 
applied within the human body, both natural and 
manufactured. The findings of the mass absorption 
coefficients initially show a considerable decline in 
the energy range where photoelectric absorption 
predominates depending on the material's atomic 
number. Following this initial increase, all 
biomaterials demonstrate a steady decrease with a 
virtually identical trajectory, with the atomic 
number dependency vanishing in µ/ρ values. This 
final trend is explained by the increased dominance 
of Compton scattering at medium and high energy. 
With increasing gamma energy, HVL and TVL 
grow. Results from the experiment and the GAMOS 
data were comparable. MFP data make it quantities 
evident that a gamma with low energy loses energy 
quickly whereas a gamma with more energy can 
travel farther. An excellent agreement (R2 = 0.99) 
was found when the obtained values were compared 
to both the theoretical values of the XCOM 
database and the experimental results. The 
acceptable variations between test and simulation 
results can be attributed to uncertainties caused by 
poor geometry conditions in the experimental setup. 
M3 has the best values for the investigated 
parameters. Furthermore, metal biomaterial M3 
with Cr, Mn, Fe, Co, and Mo elements and  
8.4 g/cm3 density had the lowest HVL, TVL, and 
MPF values. According to our findings, M3 has 
exceptional gamma-ray attenuation properties in 
metal biomaterials. These findings demonstrate that 
the Monte Carlo approach can be used safely  
even in the presence of constraints like the 
constrained gamma energies used in a laboratory 
setting or the incapacity to conduct measurements 
due to the difficulties in physically producing the 
material. 
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