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A B S T R A C T   

In the field of dentistry, the utilization of dental X-rays plays a pivotal role in ensuring accurate diagnoses for 
various dental conditions. A crucial aspect of this practice involves understanding how these X-ray emissions 
interact with dental braces. In the presented study, the details of how X-rays and gamma rays interact with 
different materials used in dental braces, namely stainless steel, nitinol, elgiloy, and beta-titanium alloys, were 
examined. This investigation was carried out through a combination of advanced simulation codes such as 
FLUKA and GEANT4, alongside theoretical calculations using the WinXCOM approach. A comprehensive analysis 
was conducted at fourteen distinct energy levels, ranging from 20 to 150 keV with 10 keV increments. The 
primary focus of this study revolves around quantifying the shielding characteristics of gamma and X rays as they 
traverse through these dental brace materials. To achieve this, some gamma/X-ray shielding parameters, 
buildup-factors, and kerma relative to air were meticulously simulated and calculated. Additionally, the energy 
deposits within these materials and the subsequent generation of secondary radiations are thoroughly explored. 
Significantly, these results highlight that elgiloy alloy demonstrates the highest attenuation of X-ray and gamma 
ray intensities compared to the other considered materials. This comprehensive study thus offers valuable in
sights into the behavior of dental braces when subjected to ionizing radiation, with potential implications for 
patient safety and diagnostic accuracy in dental radiology.   

1. Introduction 

Orthodontic treatment becomes necessary in cases where there is a 
misalignment of teeth, and a fundamental component of these treat
ments involves the use of orthodontic arch wires. It is important to note 
that the selection of orthodontic treatments and the specific types of 
orthodontic arch wires employed serve a dual purpose. Beyond solely 
addressing issues related to tooth structure, these treatments also play a 
crucial role in rectifying disorders within the mandibular structure, in 
addition to addressing dental misalignments. In essence, orthodontic 
interventions not only enhance the aesthetics and alignment of teeth but 
also contribute to the overall improvement of the entire oral and 
mandibular complex, ensuring both functional and cosmetic benefits for 
the patient. In this context, there are many common types of wires such 

as stainless steel, chromium cobalt, nickel titanium and beta-titanium. 
One of the alloys used in orthodontics for manufacturing brackets, 
wires, ligatures, bands, and other applications is stainless steel (Arango 
et al., 2013). Stainless steel alloys have had an important place in or
thodontic practice since the 1950s. The most commonly types of stain
less steel used in orthodontics are AISI (American Iron and Steel 
Institute) 302 and 304 (Burstone and Goldberg, 1980; Brantley and 
Eliades, 2001). These stainless steel alloys contain approximately 
70–75% iron, 8% nickel, 18% chromium and 0.20–0.25% carbon. These 
alloys have good corrosion resistance (Sifakakis and Eliades, 2017). In 
addition to the formability and flexibility properties of these wires, the 
low cost made them popular. One of the arch wire materials used in 
orthodontics during the 1950s is chromium cobalt alloys (elgiloy). This 
alloy with a nominal composition of 40% cobalt, 20% chromium, 15% 
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nickel, 7% molybdenum and 16% iron (Burstone and Goldberg, 1980). 
Chromium cobalt alloys have much lower load-deflection rate (Kuntz 
et al., 2018). One of the advantages claimed for chromium-cobalt wire 
over stainless steel is its superior mechanical properties (Philip and 
Darvell, 2016). These wires are softer than stainless steel wires and also 
have excellent formability in the soft condition. Chromium cobalt alloys 
have excellent corrosion resistance. Nickel titanium alloy (nitinol) 
consists of approximately 52% nickel, 45% titanium and 3% cobalt 
(Burstone and Goldberg, 1980). Nickel titanium alloy has a become a 
significant materials because of its advantages such as unique 

characteristics, including shape memory effect super elasticity and high 
damping and these alloys are used in many fields such as orthopedics, 
vascular stents, biomedical field and other medical devices as well as 
orthodontics (Alipour et al., 2022; Thayer et al., 1995). The application 
history of beta-titanium wires in orthodontics dates back to the 1980s 
(Kuntz et al., 2018). Stabilized beta phase titanium alloys contain 
approximately 80% titanium, 11.5% molybdenum, 6% zirconium and 
4.5% tin (Kusy, 1997). Beta-titanium wire has excellent formability and 
also beta-titanium is the only orthodontic wire alloy possessing true 
weldability (Brantley and Eliades, 2001). 

According to various studies, each choice comes with its unique 
characteristics, necessitating dentists to make a thoughtful selection. 
Furthermore, there is a compelling need for further investigation into 
the interactions of gamma and X-ray radiation. This is imperative to 
ensure that the right decisions are made, given the potential conse
quences for both patient safety and the precision of diagnostics in the 
field of dental radiology. A crucial aspect of this practice involves un
derstanding how these X-ray emissions interact with dental braces. In 
the presented study, the details of how X-rays and gamma rays interact 
with different materials used in dental braces were examined. Within 
this context, a comprehensive assessment of various gamma and X-ray 
shielding parameters was conducted. Subsequently, an analysis was 
carried out to identify potential secondary radiations and energy de
posits within the selected materials. This is of utmost importance as 
secondary radiation has the potential to give rise to critical health issues 
in patients. 

Although the gamma/X-rays attenuation parameters are quite 
limited on the dentistry (Abbasova et al., 2019; Kavaz et al., 2022; 

Fig. 1. Typical scheme of geometry where simulations were carried out.  

Fig. 2. The graph of μ/ρ-photon energy correlation for the investigated dental braces.  
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Şengül et al., 2023), studies on the effects of these parameters on various 
composites (Turhan et al., 2020; Akman et al., 2020; Wu et al., 2022), 
alloys (Seenappa et al., 2018; Manjunatha et al., 2019; Turhan et al., 
2022), ceramics (Akman et al., 2019; Asal et al., 2021; Gharieb et al., 
2023), etc. are available in the literature. Abbasova et al. (2019) 
investigated the gamma ray shielding characteristics of acrylic and zir
conium coating materials related to dental applications for nine gamma 
energies ranging from 122 keV to 1408 keV. Kavaz et al. conducted 
research to assess the structural and gamma radiation protection char
acteristics of various dental resin composite materials, including those 
from 3M, bisco, tokuyama, GC, and kuraray (Kavaz et al., 2022). Be
sides, Akman et al. reported a study in which they measured various 
parameters, including the effective atomic number (Zeff), mean free path 
(MFP), half value layer (HVL), radiation protection efficiency (RPE) and 
linear attenuation coefficient (μ) for the polyester composition that were 
filled with varying proportions of CaWO4 and BaTiO3 compounds. 
These measurements were taken at 22 different energy levels within the 
range of 0.0595 MeV–1.408 MeV (Akman et al., 2020). Additionally, for 
Al–Si and Cu–Ag based alloys, Manjunatha et al. (2019) and Turhan 
et al. (2022) determined the mass attenuation coefficient (μ/ρ), μ, HVL, 
TVL, MFP, Zeff, effective electron density (Neff), and build-up factors 
(EABF and EBF). In another study, Asal et al. (2021) reproted the 
gamma-ray attenuation parameters of the bentonite based ceramic 
materials. 

Table 1 
The μ/ρ results (cm2 g− 1) calculated with the help of WinXCOM, GEANT4 and FLUKA for the selected dental brace alloys.  

Energy (keV) Stainless Steel Nitinol Elgiloy Beta-Titanium 

WinX. GEANT4 FLUKA WinX. GEANT4 FLUKA WinX. GEANT4 FLUKA WinX. GEANT4 FLUKA 

20 25.199 24.453 25.137 24.719 23.983 24.732 30.480 29.946 30.490 20.105 19.416 20.180 
30 8.020 7.625 8.002 7.885 7.502 7.889 9.944 9.640 9.967 7.845 7.499 7.860 
40 3.561 3.343 3.560 3.507 3.294 3.511 4.455 4.321 4.457 3.559 3.361 3.560 
50 1.922 1.787 1.924 1.897 1.766 1.939 2.409 2.287 2.411 1.949 1.823 1.952 
60 1.184 1.095 1.186 1.170 1.092 1.171 1.476 1.383 1.477 1.212 1.132 1.212 
70 0.803 0.740 0.806 0.795 0.733 0.795 0.992 0.920 0.993 0.826 0.769 0.828 
80 0.586 0.540 0.588 0.581 0.534 0.582 0.716 0.664 0.716 0.605 0.560 0.610 
90 0.453 0.418 0.456 0.450 0.414 0.450 0.546 0.503 0.547 0.468 0.436 0.468 
100 0.367 0.339 0.368 0.365 0.336 0.365 0.435 0.402 0.436 0.378 0.352 0.378 
110 0.308 0.286 0.310 0.307 0.285 0.307 0.360 0.334 0.360 0.317 0.297 0.317 
120 0.267 0.249 0.269 0.266 0.248 0.266 0.307 0.286 0.307 0.273 0.257 0.273 
130 0.236 0.222 0.238 0.236 0.222 0.236 0.268 0.251 0.268 0.241 0.228 0.242 
140 0.213 0.202 0.214 0.213 0.202 0.213 0.238 0.225 0.239 0.217 0.207 0.217 
150 0.195 0.187 0.195 0.195 0.186 0.195 0.216 0.205 0.216 0.198 0.190 0.198  

Fig. 3. The graph of μ-photon energy correlation for the investigated 
dental braces. 

Fig. 4. The graph of HVL-photon energy correlation for the investigated 
dental braces. 

Fig. 5. The graph of MFP-photon energy correlation for the investigated 
dental braces. 
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As could be seen the literature review, there has been a noticeable 
gap in research concerning the investigation of braced materials in the 
context of gamma and X-ray interactions. Furthermore, it’s noteworthy 
that many published works have not addressed the occurrence of sec
ondary radiation. Consequently, the study presented here is poised to 

make a significant contribution to the existing literature by addressing 
these crucial aspects. This research endeavor is set to play a pivotal role 
in advancing the evaluation of dental braces. On this purpose, X-/ 
gamma rays attenuation parameters such as μ/ρ, μ, HVL, TVL, MFP and 
Zeff of orthodontic arch wires (stainless steel, elgiloy, nitinol and beta- 

Table 2 
The HVL results (cm) calculated with the help of WinXCOM, GEANT4 and FLUKA for the selected dental brace alloys.  

Energy (keV) Stainless Steel Nitinol Elgiloy Beta-Titanium 

WinX. GEANT4 FLUKA WinX. GEANT4 FLUKA WinX. GEANT4 FLUKA WinX. GEANT4 FLUKA 

20 0.0035 0.0036 0.0035 0.0043 0.0045 0.0043 0.0027 0.0028 0.0027 0.0068 0.0071 0.0068 
30 0.0109 0.0115 0.0109 0.0136 0.0143 0.0136 0.0084 0.0087 0.0084 0.0175 0.0183 0.0174 
40 0.0245 0.0261 0.0246 0.0306 0.0326 0.0306 0.0187 0.0193 0.0187 0.0385 0.0408 0.0385 
50 0.0455 0.0489 0.0454 0.0566 0.0609 0.0554 0.0347 0.0365 0.0346 0.0703 0.0751 0.0702 
60 0.0738 0.0798 0.0737 0.0919 0.0984 0.0918 0.0566 0.0604 0.0565 0.1131 0.1210 0.1130 
70 0.1088 0.1182 0.1085 0.1352 0.1467 0.1351 0.0841 0.0908 0.0841 0.1658 0.1782 0.1655 
80 0.1491 0.1620 0.1487 0.1848 0.2012 0.1846 0.1167 0.1257 0.1166 0.2265 0.2445 0.2246 
90 0.1928 0.2093 0.1917 0.2386 0.2595 0.2386 0.1530 0.1661 0.1528 0.2929 0.3143 0.2928 
100 0.2381 0.2579 0.2377 0.2943 0.3196 0.2942 0.1918 0.2076 0.1915 0.3623 0.3896 0.3622 
110 0.2835 0.3060 0.2816 0.3500 0.3772 0.3498 0.2319 0.2500 0.2322 0.4324 0.4620 0.4319 
120 0.3278 0.3510 0.3249 0.4042 0.4338 0.4038 0.2722 0.2917 0.2720 0.5015 0.5332 0.5012 
130 0.3703 0.3937 0.3673 0.4561 0.4841 0.4554 0.3118 0.3327 0.3116 0.5681 0.6006 0.5661 
140 0.4104 0.4333 0.4076 0.5051 0.5328 0.5047 0.3502 0.3716 0.3496 0.6317 0.6627 0.6311 
150 0.4481 0.4687 0.4478 0.5509 0.5773 0.5511 0.3869 0.4065 0.3867 0.6917 0.7204 0.6908  

Table 3 
The Zeff results calculated with the help of WinXCOM, GEANT4 and FLUKA for the selected dental brace alloys.  

Energy (keV) Stainless Steel Nitinol Elgiloy Beta-Titanium 

WinX. GEANT4 FLUKA WinX. GEANT4 FLUKA WinX. GEANT4 FLUKA WinX. GEANT4 FLUKA 

20 25.888 25.121 25.824 25.919 25.147 25.932 28.619 28.118 28.629 25.641 24.762 25.737 
30 25.891 24.614 25.832 25.950 24.692 25.966 28.823 27.942 28.888 28.471 27.215 28.526 
40 25.886 24.301 25.883 25.949 24.371 25.979 28.887 28.020 28.901 28.695 27.100 28.701 
50 25.877 24.060 25.907 25.924 24.132 26.498 28.881 27.417 28.904 28.686 26.834 28.728 
60 25.863 23.914 25.910 25.880 24.154 25.908 28.822 26.994 28.834 28.523 26.641 28.532 
70 25.845 23.801 25.936 25.824 23.795 25.834 28.722 26.617 28.747 28.234 26.272 28.282 
80 25.825 23.769 25.890 25.759 23.659 25.795 28.592 26.538 28.598 27.870 25.823 28.114 
90 25.804 23.762 25.948 25.691 23.621 25.689 28.443 26.199 28.476 27.469 25.597 27.481 
100 25.783 23.803 25.823 25.622 23.594 25.635 28.286 26.134 28.323 27.058 25.158 27.067 
110 25.763 23.868 25.933 25.556 23.716 25.575 28.127 26.088 28.094 26.658 24.952 26.691 
120 25.744 24.044 25.974 25.494 23.756 25.524 27.972 26.099 27.990 26.284 24.720 26.296 
130 25.726 24.200 25.939 25.438 23.965 25.475 27.825 26.083 27.847 25.941 24.541 26.037 
140 25.711 24.354 25.893 25.387 24.064 25.403 27.689 26.094 27.738 25.634 24.436 25.658 
150 25.697 24.566 25.711 25.342 24.182 25.331 27.565 26.236 27.576 25.362 24.350 25.395  

Fig. 6. The graph of TVL-photon energy correlation for the investigated 
dental braces. 

Fig. 7. The graph of Zeff-photon energy correlation for the investigated 
dental braces. 
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titanium) were firstly determined with WinXCOM, GEANT4 and FLUKA 
in the range of energy 20 keV ≤ E ≤ 150 keV. Secondly, exposure 
buildup factors (EBF) and energy absorption build-up factors (EABF) 
were evaluated in various energies and for different penetration depths. 
Secondary radiations and energy deposits results were further exam
ined. Finally, in this particular study, the investigation of kerma relative 
to air values was carried out across the energy range of 1 keV–20 MeV. 

2. Materials and methods 

2.1. Processes performed with GEANT4, FLUKA and WinXCOM 

This work uses WinXCOM (Gerward et al., 2004) (theoretical 
method) and GEANT4 (Agostinelli et al., 2003) – FLUKA (Böhlen et al., 
2014) packages (Monte Carlo simulations) in order to determine the 
Gamma/X-rays interactions with alloys used in dental braces, namely 
stainless steel (density: 7.93 g/cm3), nitinol (density: 6.45 g/cm3), 
elgiloy (density: 8.30 g/cm3), and beta-titanium (density: 5.06 g/cm3). 
WinXCOM code is a useful option to obtain Gamma/X-rays mass 

Fig. 8. EABF values of the investigated dental braces in the energy region 0.015–15 MeV at 0.5, 1, 5, 10, 20 and 40 mfp.  
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attenuation coefficients of the considered materials at certain energies. 
In this context, WinXCOM was developed to generate attenuation co
efficient or photon interaction cross section of the user defined sub
stance by using predefined μ/ρ values and cross sections for the 
elements. Its consistency with experimental results and Monte Carlo 
Simulations (MC) were previously examined, and remarkable agree
ments were reported (Ozkalaycı et al., 2020; Oğul et al., 2022; Ogul; 
Gultekin and Ogul, 2023; Aşkin et al., 2020). Therefore, it could be 
safely considered that WinXCOM provides reliable results. 

On the other hand, MC simulations are also useful tools to evaluate 

the photon interactions with materials in certain circumstances such as 
lack of experimental apparatus or budget. On this regard, the chosen MC 
simulations for the presented paper draft are FLUKA and GEANT4 codes. 
Here, it should be noted that MCNP is a widely used computer program 
for simulating the behavior of particles in a system. However, it is not 
freely available to public. Therefore, FLUKA and GEANT4 packages are 
chosen in the presented study. The accuracy of the software packages 
was previously verified by comparing the simulated outcomes with both 
experimental data and the MCNP simulation program (Aşkin et al., 
2020; Frosio et al., 2021). FLUKA is a general-purpose simulation 

Fig. 9. EBF values of the investigated dental braces in the energy region 0.015–15 MeV at 0.5, 1, 5, 10, 20 and 40 mfp.  
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package to calculate particle interactions with user defined materials. 
Here, complex geometries could be even modelled and about 60 
different particles might be studied. In our case, the chosen particle 
interactions, X-/gamma-rays interactions, could be investigated in a 
wide energy band ranging from 1 keV to thousands of TeV. Similarly, 
GEANT4 simulation toolkit is also useful choice in order to assess the 
passage of particles through the user defined materials. As it could be 
done in FLUKA, the user of GEANT4 can model and create own geom
etries. Fig. 1 illustrates the schematic view of the simulation geometry 
studied in this paper. The X-rays interactions are evaluated in vacuum 
medium in order to avoid external interactions. Mono energetic 
Gamma/X-rays at the desired energies are sent over the chosen sample 
only in x-direction. In other words, the chosen material was bombarded 
with 10,000,000 Gamma/X-rays at desired energy, and then, the 
transmitted Gamma/X-rays photons through the sample were further 
determined. With help of simulation of transmitted particles, linear 
attenuation coefficient (cm− 1), mass attenuation coefficient (cm2/g), 
half value layer (cm), mean free path (cm), tenth value layer (cm) were 
calculated. 

Additionally, with help of GEANT4 simulation package, the energy 
deposits in the chosen alloys and the secondary radiation due to the 
interaction of gamma/X-rays with the materials were investigated. For 
each gamma/X-rays energy, the average energies of secondary particles 
were also determined. The material thickness was chosen as 1 cm, and 
the initial radiation particles were set to 10,000,000. 

2.2. The theoretical calculation process 

There are many parameters such as mass attenuation coefficient 

(μ/ρ), mean free path (MFP), energy absorption buildup factor (EABF) to 
investigate the interaction of Gamma/X-rays with matter and the 
amount of Gamma/X-rays intensity attenuation of the material. Some of 
these parameters do not depend on the phase state and density of the 
matter, while others depend on these two variables. Density-dependent 
parameters are an important indicator of the material’s usability in the 
field of Gamma/X-rays shielding. The first parameter that is indepen
dent of the density and investigates the Gamma/X-rays interaction with 
material is μ/ρ. This parameter can be calculated theoretically with the 
mixing rule given in Eq. (1) (Akman et al., 2022a); 
(
μ/ρ

)

mater.
=

∑
Wi

(
μ/ρ

)

i

(
cm2 g− 1) (1)  

In Eq. (1), (μ/ρ)i is the mass attenuation coefficient of the i. element in 
the material interacting with the photon and Wi is the weight fraction for 
the same element. The sum of the weight fractions of the elements in the 
material is one, i.e. ΣWi = 1. The weighted fraction of any element in the 
material can be calculated by Eq. (2) (Akman et al., 2015); 

Wi =
niAi

∑

j
njAj

(2)  

where, ni and Ai are the atom number and atomic weight for the i. 
element, respectively. 

The first parameter that depends on the density, which is important 
for the usability of the material in the field of radiation shielding, is the 
linear attenuation coefficient (μ) and is related to the μ/ρ and density (ρ) 
of the material. 

Fig. 10. EABF values of the investigated dental braces up to 40 mfp at 0.015, 0.15, 1.5, 15 MeV.  
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μ= μ
ρ.ρ

(
cm− 1) (3) 

Useful parameters associated with μ are HVL, TVL and MFP. These 
parameters are the shield thickness needed to attenuate 50%, 90% and 
63.2% of the initial radiation intensity value, respectively and can be 

determined with the help of the following equation (Akman et al., 
2022b). 

HVL=
ln 2
μ =

0.693
μ (cm) (4)  

TVL=
ln 10
μ =

2.303
μ (cm) (5)  

MFP=
1
μ (cm) (6) 

The parameter that is dimensionless and can be calculated using the 
atomic cross section (σt,a, cm/atom) (Akman et al., 2015) and the 
electronic cross section (σt,e, cm/electron) (Akman et al., 2015) of the 
material is the effective atomic number and can be determined mathe
matically by the following equation (Akman et al., 2015). 

Zeff = σt,a
/
σt,e

(7) 

The buildup-factor is known as the ratio of the total dose that is 
collided (the photon is scattered once or more in the substance) and non- 
collided (no interaction) to the non-collided dose. In the present study, 
EABF and EBF parameters were calculated using the Geometric Pro
gression (G-P) fitting method in the energy range of 0.015–15 MeV and 
penetration depths of 0.5, 1, 5, 10, 20 and 40 mfp. According to the 
present study, EABF is a quantity related to the energy accumulated in 
the braces, while EBF is a quantity related to the amount of radiation 
exposed as a result of photon ionization of the air. These two buildup 
factors were calculated by the process described below. 

Firstly, the equivalent atomic number parameter (Zeq), which will be 

Fig. 11. EBF values of the investigated dental braces up to 40 mfp at 0.015, 0.15, 1.5, 15 MeV.  

Fig. 12. Energy deposit graphs of the selected alloys at various gamma/X- 
ray energies. 
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used in determining the G-P fit parameters, has been calculated. In the 
determination of this parameter, (μ/ρ)Compton and (μ/ρ)Total values ob
tained from the WinXCOM program were obtained at various energies 
varying from 15 keV to 15 MeV and for elements between atomic 
numbers 4 to 40. The corresponding Zeq values of an element with the 
same energy were calculated from the ratio of these two types of 
attenuation coefficients. When the R ratio, which is the (μ/ρ)Compton/ 
(μ/ρ)Total ratio, is between two consecutive element ratios in the braces, 
Zeq is calculated using interpolation with the following equation (Tur
han et al., 2023); 

Zeq =
Z1(log R2 − logR) + Z2(logR − log R1)

log R2 − log R1
(8)  

where, Z1 and Z2 are the atomic numbers corresponding to the ratio R1 
and R2. Using the Zeq values obtained by this process, a, b, c, d and XK G- 
P fit parameters were determined with the help of the equation below for 
the investigated braces (Turhan et al., 2023); 

P=
P1
(
log Z2 − log Zeq

)
+ P2

(
log Zeq − log Z1

)

log Z2 − log Z1
(9)  

where, P1 and P2 are the G-P fit parameters corresponding to atomic 
numbers Z1 and Z2, respectively, and these values for the elements were 
obtained from the ANSI/ANS-6.4.3 database (ANSI/ANS-6.4.3 and 
Gamma Ray Attenuation Coefficient, 1991). Using these obtained pa
rameters in the equations below, EABF and EBF parameters were 
calculated for braces (Turhan et al., 2023). 

B(E, x) = 1+
b − 1
K − 1

(Kx − 1) for K ∕= 1 (10)  

B(E, x) = 1 + (b − 1)x for K = 1 (11)  

where, b represents the buildup-factor for 1 mfp penetration depth. The 
intermediate parameter K specified in Eqs. 10 and 11 is calculated with 
the following equation (Turhan et al., 2023); 

Fig. 13. Generated secondary particles with their average energies.  
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K(E, x)= cxa + d
tanh

(
x
XK

− 2
)

− tanh (− 2)

1 − tanh (− 2)
for x≤ 40 mfp

⎞

⎟
⎟
⎠ (12)  

in the equation, x denotes the penetration depth, while E denotes the 
incident photon energy. The detailed calculation process of kerma 
relative to air was presented in our previous study (Turhan et al., 2022). 

3. Results and discussions 

The interactions of the Gamma/X-rays with the considered dental 
brace alloys were carefully examined using WinXCOM, FLUKA and 
GEANT4 codes. As motivated earlier, various parameters were consid
ered in these evaluations. The first parameter taken into account is the 
mass attenuation coefficients. Fig. 2 presents the graph of μ/ρ-photon 
energy correlation for the investigated dental braces. The graphs show 
the comparison of WinXCOM, FLUKA and GEANT4 for each chosen 
material, separately. Also, Table 1 lists the mass attenuation coefficient 
results of WinXCOM, FLUKA and GEANT4 for the selected dental braces. 
As could be seen, they agree with each other very well. Here, if the 
WinXCOM is taken as the reference value, the maximum discrepancy 
between WinXCOM and GEANT4 is about 7% while the maximum de
viation from FLUKA was found to be as about 0.8%. The deviations are 
negligible but it should be noted here that both software packages 
employ distinct physics models and databases. Varied nuclear databases 
and interaction models can lead to different calculations for the inter
action of gamma rays with substances. The energy of the X-/gamma-rays 
is illustrated on x-axes, and it ranges from 20 keV to 150 keV. The ob
tained values exponentially decrease with increase of the gamma-ray 
energy. Fig. 3 further provides the graph of μ-photon energy correla
tion for the investigated dental braces. The dental brace alloys of 
stainless steel, nitinol, elgiloy and beta-titanium were compared each 
other. It is clear that better X-/gamma-ray attenuation was obtained 
with elgiloy material, and stainless steel follow it. Beta-titanium pro
vides worst X-/gamma-ray attenuation characteristics among the chosen 
materials. The difference between them is clearly greater at lower X-/ 
gamma-ray energies. It should be noted here that the order of materials 
on μ/ρ values is exactly the same with the order of μ values. 

In addition to μ/ρ and μ values, HVL, MFP and TVL quantities are also 
considered in the presented work. HVL and TVL simply define the 
required thickness for attenuating half and 9/10 of the incident gamma 
rays, respectively, while MFP describes the average distance traveled by 
the radiation without any interaction in the matter. Therefore, 

consideration of these parameters in the presented work is valuable to 
conduct a proper and complete conclusion on the considered dental 
brace alloys. In essence, these parameters are the different form of the μ 
value and could be easily calculated using obtained linear attenuation 
coefficients. The graphs of HVL-photon energy correlation, MFP-photon 
energy correlation and TVL-photon energy correlation for the investi
gated dental braces are presented in Fig. 4–6, respectively. In addition, 
the HVL results calculated with the aid of the WinXCOM, FLUKA and 
GEANT4 methods are presented in Table 2. The lowest HVL value is 
obtained with elgiloy, which makes it better X-/gamma-rays attenuator 
among the chosen alloys. MFP and TVL results also confirm that elgiloy 
dental brace alloy attenuates X-/gamma rays more than others. 

The probability of photon interactions with the selected dental brace 
alloys could be obtained by examining the effective atomic number, Zeff. 
Table 3 presents the Zeff values calculated with the help of selected 
methods in the photon energy range of 20–150 keV for the investigated 
dental brace alloys. Fig. 7 shows the graph of Zeff-photon energy cor
relation for the investigated dental braces. It is clear that Zeff of the beta- 
titanium alloy is the material mostly affected by the increase of X-/ 
gamma energy. Zeff values of the nitinol and stainless steel show less 
reaction to increase of X-/gamma-rays energy. The maximum Zeff value 
was obtained for elgiloy sample. In other words, the X-/gamma-rays 
interaction possibility with elgiloy is greater than the rest of the selected 
dental brace alloys. 

Fig. 8 shows EABF values of the chosen dental braces in the energy 
region varying from 0.015 to 15 MeV at 0.5, 1, 5, 10, 20 and 40 mfp 
while Fig. 9 presents EBF values of the chosen dental braces in the en
ergy region changing from 0.015 to 15 MeV at 0.5, 1, 5, 10, 20 and 40 
mfp. We can say from Figs. 8 and 9, Elgiloy exhibits the lowest EABF and 
EBF values within both the low and intermediate energy ranges. The 
EABF and EBF values for both the low and intermediate energy regions 
can be summarized as follows: Nitinol > Stainless Steel > Beta-Titanium 
> Elgiloy. The range in the high energy region is Elgiloy > Stainless 
Steel > Nitinol > Beta-Titanium. Also, Figs. 10 and 11 illustrate EABF 
and EBF values of the investigated dental braces up to 40 mfp at 0.015, 
0.15, 1.5, 15 MeV, respectively. As seen from Figs. 10 and 11, EABF and 
EBF values for dental braces were generally increased with increasing 
penetration depth and energy. While Elgiloy got the lowest EABF and 
EBF values at 0.015 MeV, 0.15 MeV and 1.5 MeV, it got the highest EABF 
and EBF values in the high energy region at especially penetration depth 
from 15 mfp to 40 mfp. This results shows that the photoelectric effect 
(Z4-5, E− 3.5), Compton scattering (Z, E− 1) and pair production (Z2, E) are 
dominant in the low energy region, intermediate energy region and high 
energy region, respectively. 

Charged or neutral particles lose their kinetic energy as they pass 
through the material due to interactions with the material. This energy 
loss results in the deposition of energy (dE) within the material. The 
GEANT4 simulation package is utilized to calculate the energy deposi
tion for each of the materials considered in this study. Fig. 12 illustrates 
the deposited energy in each material, showing a significant difference 
between the selected alloys starting at around 80 keV. The elgiloy ma
terial exhibits the highest energy deposition, while the beta-titanium 
alloy shows the lowest energy deposition. 

Due to the interaction of gamma-rays with the material, secondary 
radiations are produced, which could potentially cause damage to living 
organisms and surrounding materials. GEANT4 MC simulation is used to 
determine the generated secondary radiations for various X-ray en
ergies, considering electrons and gamma-rays with their average parti
cle energy. Here, the secondary particles are listed as electrons and 
gamma. The average energy of the secondary electrons ranges from 12 
keV to 80 keV, while the energy for gamma-rays varies from 17 keV to 
45 keV. It is well-known that gamma-rays, which are ionizing radiation, 
can be harmful at the mentioned energy levels and should be avoided. 
Notably, Zheng and Sanche, 2019 [36] reported that electrons with 
energies ≤30 eV (referred to as low-energy electrons) can damage DNA. 
The materials considered in this study generate both low-energy 

Fig. 14. Kerma relative to air values of the investigated dental braces in the 
energy region 0.001 MeV–20 MeV. 
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electrons and electrons with energy >30 eV. Therefore, a thorough 
evaluation of possible secondary particles is crucial. Fig. 13 illustrates 
the simulated results of the secondary radiations. The solid line repre
sents the number of secondary particles, while the dashed lines indicate 
their average energies. The top graph of the figure shows the number of 
secondary electrons with their average energies while the lower panel 
presents the secondary gamma-rays with their average energies. It 
should be underlined here that, on the bottom panel of Fig. 13, the re
sults of gamma-ray numbers (shown as a solid black line) for the 
beta-titanium material are divided by 100 as they exceed the graph’s 
range. In other words, the generated secondary gamma-rays for this 
material are significantly higher compared to the other three alloys. 
However, the average energy of the secondary gamma-rays is lower than 
that of the other three selected samples. 

Material selection for gamma-ray shielding depends on a wide va
riety of factors, and “kerma” value is one of the effects to be considered. 
Therefore, the last parameter presented in this work is illustrated in 
Fig. 14, K values of the selected dental braces in the energy region 
changing from 1 keV to 20 MeV. The definition of “kerma” term refers to 
how much radiation is absorbed or attenuated by a substance. In other 
words, a high kerma value indicates that gamma radiation is more 
effectively absorbed or attenuated by the material. This means that the 
radiation is effectively blocked and the risk of exposure is reduced. If the 
Kerma value is small, it means that it is less absorbed or attenuated by 
the material, which can lead to further processing and increased risk of 
exposure to radiation. In this context, measurement of “kerma” is 
important for assessing the biological effects of radiation and ensuring 
the safety of individuals or objects exposed to radiation. While choosing 
the brace material, the dentist may consider the material with higher 
kerma value. As seen from Fig. 14, Elgiloy generally took the highest 
kerma relative to air values. Kerma relative to air values increased with 
increasing photon energy up to ~400 keV and then tended to decrease 
with the energy increase. Finally, the values chanced very little in the 
high energy region. Also, K values of the dental braces sharply increase 
with increasing with photon energy in the low energy region. These 
sharply increasing occurred about the absorption edge energies of the 
elements in the Stainless Steel, Nitinol, Elgiloy and Beta-Titanium. 
Consequently, it could be concluded that K values of the Stainless 
Steel, Nitinol, Elgiloy and Beta-Titanium are depend on the chemical 
composition of the dental braces. 

4. Conclusions 

This study presents the results of photon interaction parameters μ/ρ, 
μ, HVL, MFP, TVL, Zeff, EABF, EBF and kerma relative to air of stainless 
steel, nitinol, elgiloy and beta-titanium alloys, which are frequently used 
in dental braces. While some of the parameters were obtained in the 
gamma/X-ray energy window of 20 keV–150 keV (WinXCOM, FLUKA 
and GEANT4 methods were used in this energy range), some of them 
were calculated in a wide energy range to observe the changes in more 
detail. The X-/gamma rays attenuation characteristics of the selected 
dental braces were investigated with these calculated parameters. It is 
observed from the related figures or tables that the variation of μ/ρ re
sults against photon energy decreases exponentially, while HVL, MFP 
and TVL results increase exponentially against photon energy. Due to 
the definition of HVL, MFP and TVL, we could accept that a higher mass 
attenuation coefficient implies a thinner HVL (or TVL) is needed for the 
same level of radiation attenuation, while a lower mass attenuation 
coefficient requires a thicker HVL (or TVL) to achieve the same level of 
attenuation. Here, it is well known fact that the higher the mass atten
uation coefficient, the greater the likelihood of gamma radiation inter
acting with matter. In this context, it is safe to state that elgiloy material 
is the best gamma-ray shielding material between the considered ma
terials in the presented study. The worst gamma-ray shielding was found 
for beta-titanium material. It should be underlined that there is a sig
nificant difference between the best (elgiloy) and the worst (beta- 

titanium) gamma-ray attenuator materials. At 20 keV, elgiloy shows 1.5 
times better shielding effectiveness than beta-titanium sample while this 
difference decreases by the energy decrease. For the remaining energies, 
the elgiloy material shows about 1.2 times bigger μ/ρ values. The μ and 
Zeff parameters also generally have the same tendency as μ/ρ. The Zeff 
value is used to estimate the material’s ability to interact with gamma 
rays. These interactions can reduce the energy and intensity of gamma 
rays, thereby protecting people and equipment from radiation exposure. 
Therefore, elgiloy, due to its higher Zeff value, could have more gamma- 
ray interactions compared to other considered materials. Also, it has 
been reported that there is an almost Gaussian distribution between the 
EABF, EBF and kerma relative to air parameters and the photon energy. 
The measurement of “kerma” is important for assessing the biological 
effects of radiation and ensuring the safety of individuals or objects 
exposed to radiation. While choosing the brace material, the dentist may 
consider the material with higher kerma value. In the presented work, 
elgiloy generally took the highest kerma relative to air values, which is 
in agreement with previous considered gamma-ray shielding materials. 
Similarly, according to EABF and EBF, the same dental braces alloy is a 
better X-/gamma rays attenuator than the others. EEBF takes into ac
count the interactions of gamma rays within the material and the 
resulting dose rates, whereas EABF is a factor used to measure the ab
sorption of gamma rays within a material. It is desirable for these factors 
to be large since larger factors means that gamma rays interact more 
within the material and lose more energy as they are absorbed. Addi
tionally, it should be definitely noted here that the interaction of 
gamma/X-rays creates hazardous secondary radiations. The possible 
secondary particles are determined as electrons with average energy of 
<80 keV and gamma-rays with average energy of <45 keV. It is high
lighted that a thorough evaluation of possible secondary particles is 
crucial. The dentist should interested in dental braces with low sec
ondary radiations. Therefore, the presented data contains important 
information for dental braces, especially in the X-ray process in 
dentistry. In addition, this important information can be used in the 
protection of living things and/or electronic equipment in nuclear 
power generation plants, space studies and all work areas where these 
rays are used, which are important for shielding X- or gamma rays. 
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