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Abstract The eye lens has been known a radiosensitive tissue. Radiation exposure can cause opacities, cataracts and vision loss.
The sensitivity of the eyes to ionizing radiation has attracted attention in the last decade. ICRP announced that equivalent dose limit
of eye lens has dropped in recent years. Therefore, spectacle lens selection is becoming increasingly important. In this study, the
radiation protection properties of spectacle lens (CR-39, Polycarbonate and Trivex) materials were investigated using the MCNP-6.2
Monte Carlo code and SRIM software. The suitability of the results obtained with MCNP-6.2 Monte Carlo code was provided by
comparing the theoretical results obtained from the WinXCOM program. The results showed that the CR-39 spectacle lens had
minimum half-value layer, tenth value layer and mean free path values. In addition to the photon protection properties of spectacle lens
materials, proton (H') and alpha (He*?) radiation protection properties were also investigated. Mass stopping power and projected
range (PR) values for proton and alpha particles were calculated using SRIM code in the energy range of 0.01-10 MeV. As a result
of the research, it was seen that the CR-39 lens had minimum PR values.

1 Introduction

Spectacle lenses are undoubtedly one of the most basic requirements for a better quality of life in people with vision problems.
According to the World Health Organization (WHO), currently, at least 1 billion of the approximately 2.2 billion people worldwide
have a vision impairment that can be prevented or yet to be addressed [1]. This situation is proportional to the demand for the
spectacle lenses to be used. The importance of using spectacle lenses increases both in different age groups and in people who
can see with only one eye. In addition, it should not be overlooked that spectacle lenses are used not only by people who have
problems with vision but also by people who wear sunglasses. It is clear from such situations that spectacle lenses appeal to many
areas. In this study, the radiation protection properties of spectacle lens (CR-39, Polycarbonate, Trivex) materials were investigated.
These spectacle lenses selected in our study are lighter and have higher impact resistance compared to other spectacle lenses due
to the chemical structure and composition of the materials in their structure. Especially Polycarbonate lenses have an excellent
impact resistance. Trivex is highly preferred in daily life [2]. CR-39 (Columbia Resin) lens developed by Pittsburgh Plate Glass
Company (PPG) is also known as allyl diglycol carbonate. Made of CR-39 monomer, the lenses are resistant to scratches, heat and
household chemicals [2—4]. Polycarbonate was developed by General Electric (GE) Corporation and named Lexan. Polycarbonate
is another milestone in the development of optical polymers. Polycarbonate spectacle lenses consists of Bisphenol A. For this
reason, Bisphenol A is also called Polycarbonate. Polycarbonate has advantages such as low density and high impact resistance and
high abbe value compared to CR-39 [5]. On the other hand, in 2001 PPG focused on Trivex lenses, which have impact resistance
comparable to Polycarbonate but are lighter materials. Trivex lenses were launched by different companies under different names
such as Phoenix/Hilux/Hilux-PNX (Hoya), Trilogy (Younger), Trexa/NXT/Aris (Essilor). Trivex lenses are made of polyurethane.
It has optical quality; lightweight and safety features and it takes its name from these three features. They are also lighter than CR-39
and Polycarbonate [2, 6].

The sensitivity of eyes to ionizing radiation has attracted attention in the last decade. The International Radiological Protection
Commission (ICRP), in its statement on tissue reactions in 2011, recommended that the eyepiece equivalent dose limit be lowered
from 150 to 20 mSv for occupational exposure in cases of planned exposure [7]. In the beginning of 2018, this limit was implemented
in national legislation in all European member states. While implementing this legislation, the Netherlands Commission on Radiation
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Dosimetry (NCS) stated in its report that a number of issues related to the interpretation of certain terminology and protection of the
lens (e.g. what level of eyepiece exposure? What is an “adequate system for monitoring”? Which groups of workers are expected to
be involved? etc.) should be addressed. This report, which deals with the level of exposure (annual) considered “significant” to the
lens of the eye, includes the International Atomic Energy Agency (IAEA) [8], International Organization of Standardization (ISO)
[9] and the International Radiation Protection Association (IRPA) [10] reported that they recommend routine monitoring above 5 or
6 mSyv per year and set the equivalent dose limit for the population at 15 mSv per year [11]. These radiation dose limits for the eye
can also vary depending on use cases using spectacle lens. In addition, it is obvious that radiation protection properties will differ in
people who spectacle lens depending on the type of spectacle lens. Nuclear radiation protection properties of spectacle lenses used
in this study were calculated for photon, proton (H') and alpha (He*?) particles.

Apart from the use of the spectacle lenses mentioned above in the routine treatment of the eyes, the effect of using daily spectacle
on people with coronavirus disease 2019 (COVID-19) was investigated by Zeng et al. In the mentioned study, 276 patients admitted
to the hospital with laboratory-confirmed COVID-19 in Hubei Province, China at the onset of the pandemic were evaluated. They
reported that among these patients, those who reported wearing spectacle regularly for more than 8 h a day were lower than the
general population. They concluded that wearing glasses for more than 8 h a day may protect them against SARS-CoV-2 infection
[12].

In recent years, scientists have used simulation methods to determine the radiation-shielding properties of materials. Monte
Carlo simulations are the most powerful methods used in these calculations. In this method, the transport of gamma-ray photons is
simulated and their interaction with the material is investigated. Examples of Monte Carlo codes are MCNP6.2 [13], FLUKA [14],
Geant4 [15], PENELOPE [16]. The ease of use and rich libraries of these codes ensure that the research results are consistent.

In the literature, it has been clearly stated that Monte Carlo codes can be applied by modeling in the investigation of radiation
shielding parameters of materials and absorbed doses in tissues. Many studies have been reported in this context [17-22].

Radiation protection properties such as mass attenuation coefficient (MAC), half value layer (HVL), tenth value layer (TVL),
mean free path (MFP), effective atomic number (Z,), effective electron density (Nefr) and equivalent atomic number (Zeq) were
determined using gamma rays in the energy range of 0.015-15 MeV. Gamma rays lose energy when interacting with a matter, and
this situation is explained as three main events. These are the Photoelectric Effect (PE) that is predominant in the low energy range
(~0.01-0.5 MeV), Compton Scattering (CS) that is predominant in the medium energy range (~0.1-10 MeV), and Pair Production
(PP) that is dominant in the high energy range (~1.02 MeV) [23, 24]. In order to explain the interactions of gamma rays with
matter, the MAC, HVL, TVL, MFP, Zeft, Ner and Zeq of each lens used in the study were calculated. The theoretical results were
obtained using the WinXCOM program and their accuracy was achieved with the results obtained using MCNP-6.2 Monte Carlo
code. Gamma-ray transmission factors (TF) were calculated with MCNP-6.2. In addition, the range (PR) and the mass stopping
power (MSP) values predicted in the energy range of 0.01-10 MeV for Proton (H') and alpha (He*?) particles were calculated using
the Stopping and Range of Ions in Matter (SRIM) code. SRIM is very popular in the ion implantation research and technology
community and used widely in other branches of radiation material science. The source used in SRIM emits a single energy ion
beam which interacts with the target atoms. In this study, the energies used for the ion beam are from 0.01 to 10 MeV. Mass stopping
power tell us how energy is transferred to medium from charged particles. You can choose the ion, element and energy range for
your desired target also it is a flexible software program. Finally, all results obtained were also compatible with Phy-X/PSD software
[25].

2 Materials and methods

The radiation protection potential of the polymer structures of the glasses used in spectacle lens is expected to be excellent because
of direct contact with the human. In this study, the radiation protection properties of spectacle lens (CR-39, Polycarbonate, Trivex)
were investigated. The reason for examining CR-39, Polycarbonate and Trivex spectacle lenses in this study is that they are one of
the more preferred lens types than mineral lenses [26, 27]. The reasons why PC and Trivex lenses are preferred by spectacle wearers
include that they are lighter, more durable and have good natural UV protection properties compared to other lenses. CR-39 lenses
are the most basic form of plastic lenses, and the abbe value is the highest, which means that the optical quality is the best. The
disadvantage of these lenses is that they are easy to scratch. However, this situation can be eliminated by scratch-resistant coatings
the lens [27, 28]. The properties of spectacle lenses are given in Table 1 [2, 3, 6, 29-31].

2.1 Monte Carlo simulations and nuclear radiation protection properties

MCNP-6.2 Monte Carlo Code [13] is a simulation program widely used by researchers in many fields such as nuclear physics,
high energy physics, accelerator physics, and medical physics. In the literature, there are studies in which the radiation protection
properties of MCNP-6.2 (Monte Carlo N-Particle Transport Code System-6.2 version) code are evaluated in many types of materials
such as alloys, glass materials, additive concretes, and orthopedic medical materials. [32—-36]. In this study, in order to compute
the radiation attenuation parameters of spectacle lenses the energy range is 0.356—1.33 MeV, which is the frequently used energy
range for MAC values, was used. The radiation source is defined as a point isotropic source. In the cell and surface cards where
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Table 1 The properties of Lens name Refractive index ~ Abbe number  Density (g Chemical Elemental
spectacle lenses (material) cm*3) formula composition
(wt%)
CR-39 1.49 58 1.32 C12H307 0.52551C
(Allyl diglycol 0.06615 H
carbonate)
0.40834 O
Polycarbonate 1.59 31 1.20 C16H1403 0.75575C
(Bisphenol A) 0.05549 H
0.18876 O
Trivex 1.53 43-45 1.11 Ci1HsN; 0.74110 C
(Polyurethane) 0.10176 H
0.15714 N
Fig. 1 Schematic views of a MAC L. i i
and b TF setup achieved with Radiation Eyeg|ass Lens DedeCtIOn Fleld
M?NP§.2 simulation code Source (F4 Ta | |y)
(diizeltilecek)

Pb Collimator

Pb Collimator

(€Y

Detjcction Eyeglass Detection Radiation
Field Lens Field Source

(©)

material definitions are made in the simulation code, the elemental percentages and densities of the materials were used given in
Table 1. The samples are positioned between the radiation source and the detector. The distance of the radiation source and the
detector to the sample was set to 10 cm each. The photon from the radiation source travels to the detector after passing through the
samples. Pb collimators have been used to cover the detector and the source as they prevent scattering. Different steps have been
followed in computing these calculations. In the simulation setup, the photon flux that can pass through the material was measured
by defining the F4 tally in the detector area and MAC calculations were obtained by using the data and Beer-Lambert Law. By
comparing the MAC measurements and WinXcom [37] results, the simulation results were compared with the theoretical results,
and R.D. values. Figure 1a shows the simulation setup prepared for MAC calculations. To calculate the transmission factor (I/1),
it is necessary to measure the radiation flux entering and leaving the material. F4 tally was also defined in the detector fields in
transmission simulations. Thus, the results were obtained by measuring the photon fluxes reaching and passing through the material.
The simulation setup prepared in this direction is shown in Fig. 1b.

Information about the radiation protection parameters calculated in this study are given below. The decrease in energy because
of the interaction of gamma rays with matter is exponential. This reduction is directly proportional to the thickness of the material
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it passes through. Beer-Lambert law links the absorption of light in optics to the properties of the material through which it passes
[38—41]. The MAC is obtained as in Eq. (2) using the Beer-Lambert law given in Eq. (1).

[ = Ipe "* 1
"w

= — @
0

where u (cm™!) is the LAC value for the absorber, i, (cm? g’l) is the MAC value, x (cm) is the thickness of the material, p (g
cm™?) is the density of the absorber, [ is the intensity of the beam after passing through the thickness x, I is the intensity of the
incident beam. In this study, the MAC value for the mixtures and components was calculated using the following Eq. (3) [42, 43].

Mm = % :Zwi(ﬂ/p)i’ Wi :niAi/ZniAi 3)
1 1
w; is the fraction by weight of the ith constituent element, (u/p); is the MAC of the ith element. A; is the atomic weight of ith
element and #n; is the number of elements in material.

Other basic theoretical parameters to explain the gamma ray protection efficiency of samples are: The HVL is the thickness of
the material that reduces the incoming radiation intensity by half and absorbs 50% of the rays in the primary beam. The TVL is the
thickness of the material that reduces the incident radiation intensity to one tenth. The MFP is the average move distance between
two successive photon interactions [32, 44]. HVL, TVL and MFP can be calculated by Eq. 4-5-6, respectively.

In2

HVL = — 4

m
In10

TVL = 5)
w
1

MFP = — (6)
m

The cross section is the probability that any event occurring. Atomic cross section (o ,) refers to the total photon interaction
cross section per atom. The electronic cross section (o) represents the total photon interaction cross section per electron. When the
sample is a mixture or compound, the Z.s is mentioned. The Ngr refers to the number of electrons per unit mass and is related to the
effective atomic number. 0 ,, 0¢, Zefr and Negr parameters are calculated by Eqs. 7-8-9-10, respectively [32, 45]. N a is Avogadro’s
number (6.022 x 1023 mol~1).

n
on = % 7
ML
_ fidi )
o= 5~ ,- ; A | (®)
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Zett = — : ©)
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where Z;, A; denote the atomic number and atomic weight of the jth component, respectively. f;, f; denote the fractional weight of
the ith and jth elements, respectively.
 Mm Na B )
Negr = ?e = ﬁZetthz (10)
1

M is molecular weight.

The Zg is calculated by dividing the Compton partial mass attenuation coefficient by the total MAC. Equation (11) was used for
the interpolation of Zeq [18, 33]. Detailed calculation procedures can be found in many studies [46—48].

Z1(log Ry —log R) + Z>(log R — log Ry)

Zeqg = 11
e log Ry — log Ry an

where R’s are (4 )compton/(m rotal Tatio. Z1 and Z; refer to the atomic numbers of the elements corresponding to the ratios of R;
and Ry, respectively.

The speed at which charged particles lose energy passing through a material is called the linear stopping power of the material.
Linear stopping power (— dE/dx) of the mater is given by Eq. (12). Here, the electronic stopping power is due to the interaction
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of the charged particle with atomic electrons in the material. The nuclear stopping power arises from the interaction of the charged
particle with the nucleus of the atom. The minus sign means that the charged particle will lose its kinetic energy [42].

dE
dx

For charged particles, the stopping power increases as the particle velocity decreases. The classical expression describing the
specific energy loss is known as the Bethe—Bloch formula and is given in Eq. (13). Stopping power is a function of the mass, charge,
the velocity of the ion, atomic number and density of the material [42, 49].

d£ _ A etz? 7l 2moc? B> _ ﬂ2
dx moczﬂ2 I(l — ,82)

where z charge of the incident particle (z = 1 for p; z = 2 for @), N and Z are the number density and the atomic number of the
absorbing atoms respectively, my is the rest mass of the particle, and e is the electronic charge. I represent the average excitation
potential of the absorber. According to Eq. (13), particles with the greatest charge will have the largest specific energy loss. For
example, alpha particles will lose energy at a greater rate than protons of the same velocity, but at a lower rate than that of more charged
ions. NZ represents the electron density of the absorber. Materials with high atomic numbers or high density will consequently have
the greatest linear stopping power [42]. The MSP for the compound or mixtures is determined by Eq. (14) [49, 50].

1 dE 1 (dE
—— =) wi—|— (14)
p dx — pi\dx/;

= Delectronic T Snuclear (12)

13)

where (dE/dx) is the stopping power of the ith element.

The distance that charged particles travel before losing all their energy in their interactions with matter is called the projected
range (PR) or stopping distance of the particle and is given by Eq. (15). PR depends on the type of material, particle type and energy
[49].

dE
+ (dE /dx)

(15)

electronic nuclear

E
R =
f (dE / dx)
0
MSP and PR values were calculated for H' and He*? particles using the Stopping and Range of Ions in Matter (SRIM) code. SRIM
code is a software program that examines the interaction of ions with the matter [18, 51].

3 Results and discussion

The gamma protection parameters of spectacle lenses used in this study were calculated at energy range between 0.015 and 15 MeV.
Some MAC values obtained using MCNP-6.2 simulation code and WinXCOM software are given in Table 2. The relative differences
(RD) between the MAC values in Table 2 are calculated using Eq. (16). The RD values vary between 0.0561 and 1.219% for CR-
39, 0.1584-2.572% for Polycarbonate and 0.001-6.479% for Trivex. As can be seen, the simulation results are very close to the
calculation results. In this case, it is seen that the MAC values obtained from MCNP-6.2 and WinXCOM show a good agreement.

It is seen that the amount of radiation absorbed by the material decreases in the high-energy region studied. Although the MAC
values obtained for spectacle lenses show similar behavior according to the change of energy, Trivex lenses have the highest MAC
value in all gamma-ray energies.

RD — ‘((/‘«/p)WinXCOM - (M/P)MCNPX) % 100 (16)

(1/ P)winxcom

Figure 2 shows the total mass attenuation coefficient (u,,) of the present lenses used. As can be seen from Fig. 2, u,, values tend
to decrease as the energy increases. Because there are different interactions of photons with matter. These interactions are known
as PE, CS, and PP, and as the energy values increase, the PE decreases, while the PP effect increases and the CS effect does not
change significantly [50]. The photoelectric effect occurs in electrons with high binding energies (especially the K shell). High
binding energy decreases for low Z elements. Thus, the PE is reduced for low Z’s. The main reason for this is the conservation of
momentum. Above high binding energy, low cross sections cause sudden decreases in (i, in this region [49]. In the energy range of
0.01-0.05 MeV, it was observed that CR-39 lenses were more dominant than other lenses and ., values varied between 0.2076 and
1.199 cm?g 1. CS refers to the collision of a photon with a weakly bonded electron [52]. Furthermore, CS predominates between
approximately 0.1-10 MeV. In this region, the change of w,, is slower than energy. It was observed that in the 0.1-10 MeV energy
range, Trivex lenses were more dominant than other lenses and p,, values varied between 0.021 and 1.166 cm?g~!. PP, at energies
above 1.2 MeV is closely related to momentum conservation [52]. The probability of PP occurring is the only event that varies
slightly with Z and increases with photon energy, unlike the Photoelectric and CS effect. So it is important to know that PP increases
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Table 2 MCNP-6.2 and

Mass attenuation coefficient cm? g~!
WinXCOM data comparison for () § g)

MACs (cm?g~ 1) of spectacle Investigated Lenses Energy (MeV)

lenses for different gamma-ray

energies 0.356 0.511 0.662 1.173 1.275 1.33
CR-39
MCNP6.2 0.106605 0.089066 0.082411 0.059289 0.058865 0.062685
WinXCOM 0.106528 0.089116 0.082222 0.060021 0.058730 0.062639
R.D 0.072281 0.056107 0.229865 1.219573 0.229865 0.073437
Polycarbonate
MCNP6.2 0.105655 0.085942 0.081262 0.058990 0.057120 0.061061
WinXCOM 0.105430 0.088211 0.081391 0.059413 0.058136 0.062010
R.D 0.213412 2.572242 0.158494 0.711965 1.747626 1.530398
Trivex
MCNP6.2 0.107764 0.092000 0.085043 0.061072 0.060684 0.068876
WinXCOM 0.109947 0.091999 0.084896 0.061969 0.060635 0.064685
RD 1.985502 0.001087 0.173153 1.447498 0.080811 6.479091

Fig. 2 The mass attenuation 1 T T j T T T " T
. S 4 [~m=CR-39

coefficient for the 1nvest1gateq Ce—POLYCARBONATE| |
CR-39, Polycarbonate and Trivex el TRIVEX
Lenses

o

5

~ 0.1

Q

<

=

0.01 S — Ty —

0.01 0.1 1 10
Photon energy (MeV)

with photon energy and Z [50]. Above 10 MeV, it was observed that CR-39 lenses were more dominant than other lenses and pm
values varied between 0.018 and 0.021 cm?g~!.

HVL, TVL and MFP values provide considerable information about photon interaction parameters. According to the samples
examined in this study, the changes in HVL, TVL and MFP are shown in Figs. 3, 4 and 5. The variation of the HVL value for
CR-39, Polycarbonate and Trivex lenses is given in Fig. 3. In Fig. 3, it is clear that at all energies the CR-39 lens should have less
thickness than Polycarbonate and Trivex. For example, HVL values were 0.438, 0.591 and 0.751 cm for CR-39, Polycarbonate and
Trivex lenses at 0.015 MeV, respectively, while at 10 MeV they were 25.029, 28.095 and 29.722 cm, respectively. The required
material thickness is proportional to the increasing energy. Figure 4 shows the variation of the TVL values of the studied samples
according to the photon energy. These values are very small in the low energy range. TVL values increase with increasing energy
values [53]. Figure 4 shows that the CR-39 lens has the lowest TVL values and the Trivex lens has the highest TVL values. For
example, TVL values are 1.455, 1.963 and 2.496 cm for CR-39, Polycarbonate and Trivex lenses at 0.015 MeV, respectively, while
at 10 MeV itis 83.145, 93.328 and 98.734 cm, respectively. Similar to HVL values, as more photons will penetrate the material with
increasing photon energy, thicker material is required to reduce the intensity of the radiation by one-tenth [43]. Figure 5 shows the
variation graph of MFP values according to the density of the samples examined, and it is seen from the graph that as the density
increases, MFP values decrease and MFP values increase with increasing energy at all densities. For example, MFP values are
0.632, 0.852 and 1.084 cm at 0.015 MeV for CR-39, Polycarbonate and Trivex lenses, respectively, while at 10 MeV it is 36.109,
40.532 and 42.880 cm, respectively. As the density of the material increases, the distance that the photon moves between successive
interactions decreases. As a result, when the HVL, TVL and MFP graphs are evaluated together for the samples examined, it is clear
that the change of these graphs changes inversely with the LAC values and the density of the material and changes in proportion to
the increasing photon energy. The lower the HVL, TVL and MFP values, the higher the possibility of photon interaction with the
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Fig. 3 The HVL for the
investigated CR-39,
Polycarbonate and Trivex Lenses

Fig. 4 The TVL for the
investigated CR-39,
Polycarbonate and Trivex Lenses

Fig. 5 The MFP for the
investigated CR-39,
Polycarbonate and Trivex lenses
as a function of the density
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material. In other words, low HVL, TVL and MFP values indicate that the material has superior photon attenuation. In this study, it
was seen that the CR-39 lens, which has the minimum HVL, TVL and MFP at all energies, and the maximum density, has the best

protection feature.
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Fig. 6 Photon transmission for the 0,376 T T T T

investigated CR-39, ] —=—CR39

Polycarbonate and Trivex Lenses —e—PC
0,374 1 —a— TRIVEX

0,372
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Photon transmission
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0,3730.
05
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T T
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Table 3 Transmission photon flux Transmission photon flux (7) (for 1.25 MeV)
(I) for spectacle lenses

Thickness (cm) CR-39 Polycarbonate Trivex

0.5 0.374689 0.374854 0.375239
1 0.371808 0.371800 0.372539
1.5 0.369100 0.369086 0.370157
2 0.366854 0.366728 0.368091
2.5 0.365157 0.364951 0.366577
3 0.364169 0.364070 0.365729

Transmission factor (TF) is the ratio of the intensity of radiation passing through a material to the intensity of incident radiation.
The lower the TF value means that the more photons are weakened by the material and therefore the more protection it provides. As
the thickness of the material increases, the TF value is expected to decrease[53]. In this study, the estimation of TF values depending
on thickness at certain energies was made using the setup obtained from the MCNP-6.2 simulation program given in Fig. 1a. Figure 6
shows the variation of TF values obtained for each lens with thickness. In Fig. 6, thickness-dependent change of TFs at 1.25 MeV
energy is given. In Fig. 6, it is seen that TFs decrease with increasing thickness. Because the TF values change depending on the
chemical composition and density of the material as in the previous radiation protection parameters. At 1.25 MeV photon energy,
it was observed that the Trivex lens had the highest TF value and the Polycarbonate lens had the lowest TF value in all thicknesses
examined. Here the increased thickness showed once again proportional to the attenuation ability. Table 3 lists all TFs calculated
for the lens materials used in this study.

The Z.s is a measure of the average number of electrons of the material actively participating during the interaction, and no
composite material can be symbolized by a single Z.¢ as the interaction processes basically depend on atomic number and energy
[54]. This means that photon attenuation in composite materials, as in elements, cannot be expressed by a single atomic number
over the entire energy range, and the effective atomic number is not constant. Z.g also depends on the atomic composition of the
mixture [55]. Higher Z¢s gives a greater gamma-ray stopping powet, i.e. the ability to absorb the energy of the impinging gamma
radiation [56]. Figure 7 shows the change of Z.fr according to the photon energy. As can be clearly seen from Fig., the Z.¢ values
for each lens initially decrease with increasing energy, then remain constant and eventually increase slowly again. A decrease in Zff
values below 0.3 MeV initially indicate that the photoelectric process is dominant in this range. The Z.s values remaining constant
between 0.4 and 2 MeV indicates that the Compton process is dominant in this range. The slow increase of Z.¢ values above 2 MeV
indicates that the pair production process is now dominant. In short, variations in Z¢r occur due to different photon interactions in
low, medium and high-energy regions. All variations are related to the dependence of the total atomic cross section on the atomic
number (Z). Photoelectric effect absorption cross section gives more weight to higher atomic number compounds than CS and PP.
PE absorption section Z*, which is dominant in the low energy range, is dependent on the CS section Z, which is dominant in the
medium energy range, and the pair production section Z2, which is dominant at high energies. Here, PE absorption becomes by far
the most important interaction process. Therefore, Zg has reached its maximum value in the Photoelectric region. Z.g remained
constant at medium energies and increased slowly at high energies due to its lower cross section than the photoelectric cross section,
but smaller than that of the lower energy range [57-59]. Among the lenses examined, the material with the lowest Z¢ value at all
energies is Trivex. Neg’s photon interaction mechanisms with Z.¢r have the same qualitative energy dependence. The change of Negr
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Fig. 7 The effective atomic
number for the investigated
CR-39, Polycarbonate and Trivex
Lenses

Fig. 8 The N for the
investigated CR-39,
Polycarbonate and Trivex Lenses

Fig. 9 The Z¢q for the
investigated CR-39,
Polycarbonate and Trivex Lenses
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values given in Fig. 8 is inversely but closely related to Zegr. In addition, the variation of the equivalent atomic number (Z¢q) values
for the materials as a function of photon energy is presented in Fig. 9. The difference from Z.sr, which is related to the scattering and
absorption processes of Zeg, is that it is not related to the absorption process. In addition, while Ze¢r reaches the highest values in
the region where PE is dominant, it reaches the highest values in the region where Z¢q CS is dominant [25]. The highest and lowest
Zeq values for the CR-39, Polycarbonate and Trivex lenses, respectively, ranged from 6.145-6.817, 5.834-6.326 and 5.222-5.878.
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In addition to the photon attenuation properties of the Spectacle lenses used in this study, particle (proton and alpha) absorption
properties were also analyzed. The change of proton (H') and alpha (He*?) particle stopping power (MSP) for Spectacle lenses is
given in Fig. 10a, b. All the MSP values were obtained using SRIM software at energies between 0.010 and 10 MeV. As seen in
Fig. 10a, b, MSP values initially reach a maximum with increasing kinetic energy and then decrease. It appears that the energy loss
in alpha MSP change is greater than the proton MSP. Because alpha has a higher charge than a proton, it will cause more specific
energy loss in the interaction [31, 37]. In Fig. 10a, b, it was seen that the Trivex lens has the largest MSP value at all energies and
these values are in the range of 0.0415-0.07620 and 0.4229-1.973 for proton and alpha, respectively. The difference in MSP values
is that this parameter depends on many properties such as the mass of the ion, its charge, speed, the atomic number and density of the
material [42, 49]. The fact that charged particles lose their energy in a material be suggestive of question of how long these particles
will penetrate before they lose all their energy. The projected range (PR) of the particle gives this amount. PR determines the distance
or depth at which the particle of interest can penetrate into the material, so it is very important to determine the effective protective
material. PR will increase with the increasing energy of the penetrating particle. A low PR value indicates that the material is highly
radiation protection. In Fig. 11a, b, the change of proton and alpha PR values depending on kinetic energy is given. PR, like MSP,
was obtained using SRIM software at energies between 0.010 and 10 MeV. In Fig. 11a, b, it is seen that the CR-39 lens has the
lowest PR value compared to the other lenses at all energies and these values are in the range of 0.2404—1050 pwm, 0.1546-96.87 pm
for proton and alpha, respectively. This shows that the proton and alpha attenuation feature is the best in the CR-39 lens. These
differences are due to the fact that PR depends on many variables (type of material, particle type and energy, etc.) such as MSP [49].
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4 Conclusions

In this study, the photon attenuation properties of spectacle lenses (CR-39, Polycarbonate, Trivex), as well as particle (proton and
alpha) absorption properties were investigated. Thus, the radiation protection properties of each lens were interpreted both in different
energy regions and for different types of radiation (photon, proton and alpha). In previous studies, the radiation protection properties
of CR-39, Polycarbonate and Trivex lenses were not compared in this way. Therefore, this study will contribute to the literature
in terms of providing detailed information about the radiation protection parameters of the researched lenses. The results obtained
from the study are as follows:

It was observed that the CR-39 lens had the highest MAC values at low and high energies, while the Trivex lens had the highest
MAC values at medium energies.

It was seen that the CR-39 lens had minimum HVL, TVL and MFP values at all energies. This means that the CR-39 lens has
better photon attenuation than Polycarbonate and Trivex lenses.

The Trivex lens had the highest TF value and the Polycarbonate lens had the lowest TF value. Thus, it has been observed that
Trivex has the least protection properties among lenses.

While the maximum Z¢ value was obtained in the region where the photoelectric interaction is dominant, the maximum Ngf
value was observed in the region where Compton scattering was dominant.

The Trivex lens had the largest proton and alpha MSP values at all energies. In order to make MSP more significant, proton and
alpha PR values were calculated. In all energies, it was observed that the Trivex lens had the highest PR value and the CR-39 lens
had the lowest PR value. This shows that the proton and alpha protection properties are the best in the CR-39 lens.

The amount of radiation that can be exposed varies according to the structure of the Spectacle lens material used. In the literature,
it has been shown that the radiation shielding properties of some glass increase due to the increase in the ratio of bismuth in the
glass content [17, 20]. However, the results obtained showed that there should be a tendency to conduct similar studies for the
lens material.
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