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Neutron interaction parameters of NiTi and CuNiTi dental alloys were investigated using GEANT4
simulations and experimental measurements. / NiTi ve CuNiTi dis alasimlarinin nétron etkilegsim
parametreleri GEANT4 simiilasyonlart ve deneysel ol¢iimler ile incelenmistir.
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Figure A: Geant4 simulation and experimental dose measurement geometry and neutron
shielding parameters / Sekil A: Geant4 simiilasyon ve deneysel doz 6l¢iim geometrisi ile notron
zirhlama parametresi

Highlights (Onemli noktalar)

»  CuNiTi alloy exhibited the highest fast neutron attenuation performance. / CuNiTi alasimi
en yiiksek hizly notron zayiflatma performansint gostermigtir.
Paraffin showed superior epithermal neutron attenuation. / Parafin epitermal nétronlarda
daha iistiin performans gostermigtir.
Higher density and Cu addition increased neutron interaction probability. / Yiiksek
yogunluk ve Cu katkist notron etkilesim olasiligini artirmistir.
Experimental dose measurements validated the simulation results. / Deneysel doz él¢iimleri
simiilasyon sonuglarint dogrulamuistir.
NiTi and CuNiTi alloys demonstrated suitability for radiotherapy applications. / NiTi ve
CuNiTi alasimlar: radyoterapi uygulamalari i¢in uygunluk gostermistir.

vV V VvV VY

Aim (Amag): The aim of this study is to evaluate the neutron interaction, attenuation behavior, and
shielding performance of NiTi and CuNiTi dental alloys by combining experimental measurements
with GEANT4 simulations. / Bu ¢alismanin amaci, deneysel ol¢iimleri GEANT4 simiilasyonlariyla
birlestirerek NiTi ve CuNiTi dis alasimlarinin nétron etkilesimini, zayiflama davranisini ve koruma
performansini degerlendirmektir.

Originality (Ozgiinliik): This study offers a combined experimental and Monte Carlo simulation
approach to evaluate the neutron shielding performance of commonly used orthodontic alloys. / Bu
calisma, ortodontide yaygin olarak kullanilan alagimlarin notron zayiflatma performansin
degerlendirmek i¢in deneysel ve Monte Carlo simiilasyonunu birlikte kullanan giiclii bir yaklagim
sunmaktadir.

Results (Bulgular): The findings of this study show that NiTi and CuNiTi orthodontic alloys can be
safely used during radiotherapy. / Bu ¢alismamn bulgular, NiTi ve CuNiTi ortodontik
alasimlarimin radyoterapi sirasinda giivenle kullanilabilecegini gostermektedir.

Conclusion (Sonug): It was determined that CuNiTi exhibited better fast neutron attenuation
performance (S2 > S1) and that both alloys possess attenuation capability against fast and
epithermal neutrons. These findings suggest that NiTi and CuNiTi orthodontic alloys may
contribute to neutron attenuation in radiotherapy environments. / CuNiTi’'nin hizli nétron
zayiflatmada daha iyi performans gosterdigi (S2 > S1) ve her iki alasimin da hizli ve epitermal
notronlara karsi zayiflatma kabiliyetine sahip oldugu belirlenmistir. Bu bulgular, NiTi ve CuNiTi
ortodontik alasimlarmmin radyoterapi ortamlarinda nétron zayiflatmaya katki saglayabilecegini
gostermektedir.
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This study investigates the interactions that may occur when NiTi and CuNiTi dental orthodontic
wire and screw materials, which are widely used in dentistry, are exposed to neutron radiation. A
comprehensive analysis was carried out using both experimental and simulation approaches, and
the results are presented. Monte Carlo simulations performed using the GEANT4 code were
employed to calculate key neutron attenuation parameters, including the effective removal cross-
section, half-value layer, mean free path, and radiation shielding efficiency for both epithermal
and fast neutrons. In addition, dose measurement experiments were conducted for all materials
using an Am-Be fast neutron source and a portable BFs neutron detector to determine their fast
neutron absorption capacities. The obtained results were also compared with those of paraffin, a
reference material commonly used for neutron shielding. Overall, the findings indicate that both
NiTi and CuNiTi alloys exhibit notable absorption capacities for fast and epithermal neutrons.

NiTi ve CuNiTi Dis Teli ve Vida Malzemelerinin Notron Etkilesim

Parametrelerinin Deneysel ve

Incelenmesi

Makale Bilgisi
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Bu ¢alisma, dis hekimliginde yaygin olarak kullanilan NiTi ve CuNiTi ortodontik tel ve vida
malzemelerinin nétron radyasyonuna maruz kaldiginda meydana gelebilecek etkilesimleri
arastirmaktadir. Hem deneysel hem de simiilasyon yaklasimlart kullanilarak kapsamli bir analiz
yapilmig ve sonuglar sunulmustur. GEANT4 kodu kullanilarak gerceklestirilen Monte Carlo
simiilasyonlari, hem epitermal hem de hizli nétronlar igin etkili uzaklastirma kesiti, yar1 deger
tabakasi, ortalama serbest yol ve radyasyon kalkanlama verimliligi dahil olmak {izere temel
ndtron zayiflama parametrelerini hesaplamak i¢in kullanilmistir. Ek olarak, tiim malzemeler igin
Am-Be hizli nétron kaynagi ve tagmabilir bir BFs nétron dedektorii kullanilarak doz dlgiim
deneyleri yapilmis ve hizli nétron sogurma kapasiteleri belirlenmistir. Elde edilen sonuglar,
nétron kalkanlama igin yaygin olarak kullanilan bir referans malzeme olan parafinin sonuglariyla
da karsilastirilmistir. Genel olarak, bulgular hem NiTi hem de CuNiTi alagimlarinin hizli ve
epitermal nétronlar i¢in kayda deger sogurma kapasiteleri sergiledigini gostermektedir.

1. INTRODUCTION (GIRiS) NiTi alloys enhances both the mechanical

NiTi (Nickel-Titanium) and CuNiTi (Copper—
Nickel-Titanium) alloys are widely used,
particularly in orthodontic dental treatments, for the
manufacture of wires and screws. Owing to their
high strength and flexibility, these alloys are
commonly employed as orthodontic wire materials
and are required to remain in the oral environment
for extended periods [1]. The addition of copper to

properties and corrosion resistance of the alloy,
thereby increasing its potential for use in
orthodontic treatment applications [2]. In addition
to orthodontic treatments, these alloys are also used
in various dental applications such as dental
implants, owing to their biocompatibility [3].
Furthermore, as NiTi and CuNiTi alloys do not
induce allergic reactions, they exhibit high
biocompatibility, and for this reason, they have
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applications in many medical fields, particularly in
orthodontic treatments. For the safe use of these
materials in patients undergoing radiotherapy, as
well as in individuals working in radiation-related
environments, it is essential to understand their
interactions with radiation. In this context,
resistance to neutron radiation is a particularly
desirable property, especially for materials intended
for use in cancer patients, such as those undergoing
boron neutron capture therapy. Therefore,
investigating the interactions of NiTi and CuNiTi
alloys with neutron radiation is of critical
importance for ensuring the safety of patients
receiving radiotherapy. Moreover, as neutrons are
employed in various research and medical
applications, including radiotherapy for oral,
laryngeal, cheek, and gingival cancers, a thorough
understanding of the interaction mechanisms
between neutron radiation and oral cavity—
implanted alloys is required [4]. Therefore, to
determine the neutron interaction characteristics of
NiTi and CuNiTi alloys, it is essential to calculate
key attenuation parameters, including the effective
neutron removal cross-section, mean free path and
half-value layer to evaluate the alloys based on these
parameters [5]. The use of well-established Monte
Carlo—based simulation techniques, such as
GEANTA4, for calculating these parameters provides
reliable and robust data. The determination of these
attenuation parameters is particularly important for
NiTi and CuNiTi alloys, which are widely
employed in orthodontic applications. Such
simulations enable the assessment of the protective
performance of these materials, including their
behavior against secondary radiation generated
during neutron interactions, thereby contributing to
the evaluation of their safety in clinical use [6]. The
neutron radiation attenuation parameters of Al-Ni—
Cr—W alloys were calculated with the Monte Carlo—
based GEANT4 simulation techniques and their
neutron absorption capacities were systematically
evaluated. It reported that these alloys have low
density and good neutron attenuation ability, so
these samples can be used in both dental and other
radiotherapy applications as protective material [7].
Several studies have investigated the radiation
absorption ability and physical properties of NiTi
and CuNiTi alloys commonly used in dentistry.
Preliminary studies have evaluated the suitability of
NiTi alloys, commonly used in medical
applications, and Ti-coated stainless steels for
radiotherapy by assessing their radiation shielding
efficiency and corrosion resistance. The results
demonstrate that NiTi alloys provide effective
shielding, especially for low-energy neutrons [8]. In
orthodontics, the interactions of CuNiTi alloys used
in dental treatments with gamma radiation have

been investigated both experimentally and
theoretically at low and high energies. The results
of these studies indicate that CuNiTi alloys have the
potential to protect patients during radiotherapy
applications [9]. Similarly, the radiological
properties of seven different alloys commonly used
in medical applications have been examined against
both gamma and neutron radiation, and alloys with
high zirconium content were reported to exhibit
enhanced resistance to corrosion as well as
improved attenuation of neutron and gamma
radiation. In another study, the neutron radiation
attenuation parameters of Cr—Co—Ni alloys, which
are widely used in dental therapy applications,
particularly in implant manufacturing, were
evaluated using the Monte Carlo-based GEANT4
simulation techniques. The findings demonstrated
that the use of these alloys in radiological
environments may contribute to patient protection.
Furthermore, the gamma-ray interaction parameters
of dental alloys such as Nitinol, Elgiloy, and beta-
titanium have been theoretically determined at both
low and high energies using simulation tools
including FLUKA, GEANT4, and WinXCOM,
highlighting their potential suitability for
radiotherapy applications [10,11,12]. These studies
have provided clinicians with preliminary
information by assessing the safety of dental
materials for use in radiotherapy applications. The
findings serve as a guide for selecting appropriate
treatment methods and application techniques. In
addition, other studies have investigated the
epithermal and fast neutron absorption capacities of
NiTi and CuNiTi alloys commonly used in
dentistry, demonstrating that these alloys have the
potential to protect patients during neutron
radiotherapy.

2.MATERIALS AND METHODS (MATERYAL
VE METOD)

2.1. Monte Carlo Simulation Geant4 Code (Monte
Carlo Simiilasyonu Geant4 Kodu)

GEANT4 (GEometry and Tracking) is a simulation
toolkit based on Monte Carlo methods. It enables
the prediction of particle and radiation interactions
with materials, as well as the probabilities of
secondary processes. This simulation approach,
which has been widely validated and extensively
used in high-energy plasma physics, nuclear
physics, radiotherapy, and other nuclear
applications,  offers numerous advantages.
GEANT4 is commonly employed in radiation and
detector selection, experimental design, and nuclear
accelerator development to model radiation—matter
interactions. By allowing simulations to be
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performed in advance, it provides practical
guidance for material selection, thereby saving both
time and resources. Furthermore, its three-
dimensional modeling capabilities enable the
accurate prediction of experimental configurations
and processes, offering reliable guidance for
experimental strategies and for understanding
scattering, absorption, and other nuclear interaction
phenomena [13]. The physics list QGSP_BIC HP
was used together with high-precision neutron
cross-section data from the GANDL 4.6 library. A
monoenergetic neutron source of 4.5 MeV was
defined to represent the effective energy of the Am—
Be neutron spectrum. The number of simulated
events was set to 105 particles to ensure statistical
stability. Simulations conforming to the geometry
shown in Figure 1 were performed to calculate the
shielding plating parameters of the materials.

Figure 1. Geant4 simiilation geometry (Geant4
simiilasyon geometrisi)

2.2, Principles of Neutron Radiation

Protection and Interaction Mechanism (Notron
Radyasyonundan Korunma Prensipleri ve Etkilesim
Mekanizmalari)

Neutrons carry no electrical charge; therefore, they
can penetrate matter and interact directly with
atomic nuclei without undergoing Coulomb
interactions with surrounding electrons. Neutrons
incident on a nucleus can induce nuclear reactions
such as fission and fusion. The likelihood of these
interactions depends on the energy of the incoming
neutron radiation and the atomic properties of the
target absorption material. Neutrons exhibit
particularly effective absorption and scattering,
especially in materials with high hydrogen content.
Consequently, determining the nature and
probability of neutron—matter interactions in
candidate shielding materials is critical for the
success of neutron-related applications. This
behavior primarily arises from the close similarity
between the neutron mass and that of the hydrogen
nucleus, enabling efficient energy transfer even in a

single elastic scattering event. Oxygen, as another
light element, also contributes to neutron
moderation by promoting energy loss through
scattering processes. Consequently, hydrogen- and
oxygen-containing materials, including water,
concrete, and paraffin-based polymer composites,
are widely used for neutron moderation and
shielding applications. In addition, neutrons can
interact with high-atomic-number materials through
absorption, elastic and inelastic scattering, energy
transfer, and fission. The likelihood of these
interactions can be quantified using the total
macroscopic cross section, as expressed below.
O7=0O¢lastic scattering + Oinelastic scattering +
aproton + aalpha + O2neutron +

Oneutron+proton + Ggamma + Gfission (1)
where o represents the microscopic cross-section,
which the probability of interactions between a
neutron radiation striking a target absorption
material and the nuclei of the atoms that make up
that material.

Ny =5-No )
N4 is the number of atoms of the target sample
nuclide per (atom/cm®), N, is the Avogadro's
number (6.02.10%), pi is the density of the i-th
target material density, A is the atomic (or molar)
mass of the target material (g/mol).

, 4 1s the mass attenuation coefficient, and o, is the
atomic cross-section (cm*/atom).

1= Naoy 3)
U= %NOO-A “4)
04 = M/pi (Nio) Q)

The potential interactions that neutrons can have
with materials such as alloys, high-density
composites, or heavy concrete are indicated by
macroscopic cross-sections (})) .

ZTotal = Zcoherent scattering +
Zincoherent scattering + Zabsorption cross section T
anptureabsorption cross section T

Zfission absorption cross section + (6)

The removal cross section (XR), similar to the
macroscopic cross section, is used to describe the
neutron attenuation properties of materials;
however, it does not directly represent the
probabilities of neutron—nucleus interactions.
Instead, this parameter reflects the overall
effectiveness of a material in removing fast neutrons
from the incident beam through processes such as
energy loss, scattering, and capture during
collisions. The probability values associated with
the removal cross section are generally lower than
those of the macroscopic cross section [14].
Nevertheless, ¥R is a crucial parameter for the
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choice and design of neutron moderator materials,
including composites, alloys, and mixtures, and can
be calculated as follows...

YR = Z(ZR/p )i (7)
pi = wip (8)
w; is the weight percentage and p; is the density of
protective target material i.
The thickness of a material required to attenuate
50% of the incident neutrons is defined as the half-
value layer (HVL). This attenuation parameter is
commonly used in the evaluation, choice, and
development of neutron attenuation shielding
materials and can be found as follows:

HVL = In2/YR 9
The average free path (mean free path) represents
the average distance a neutron travels within a
material between successive collisions with the
atoms of the moderator material. This parameter can
be found as follows:

-1
A= s (10)

Neutron radiation are a form of particulate type
radiation and can be quantified. When neutrons
interact with a shielding material, they may undergo
elastic or inelastic scattering or be captured by the
nuclei of the material. Neutrons that are not
captured or significantly scattered may traverse the
material with reduced energy. The ratio (I/lo) =
transmitted / incident) of the number of incident
neutrons (lo) to the number of transmitted neutrons
(I) provides information about the neutron
attenuation and stopping capability of the material,
and this parameter is widely used in shielding
studies.

2.2 Dose Measurement Experimental Design

and Sample Preparation (Doz Olgiimii Deney
Tasarimi ve Numune Hazirlama)

Commercially available nickel-titanium (NiTi) and
nickel-titanium—copper ~ (NiTiCu) orthodontic
wires, widely used in dentistry, were prepared as
test specimens for  neutron  attenuation
measurements. The wires were cut into
predetermined lengths and cold-pressed into pellet
form with a diameter of 0.5 cm and a thickness of 1
mm. The elemental compositions and mass
densities of the prepared specimens are presented in
Table 1.

Tablel. Samples properties (Orneklerin ézellikleri)

S:Sample
Sample | Density (g/cm®) | Ni Ti Cu
S1 6.89 54.52 | 4548 | 0
S2 7.03 50.7 |424 |69

Experimental dose measurements were obtained
using a 4.5 MeV Am-Be fast neutron source, the
specifications of which are given Table 2, together
with a portable BFs gas neutron detector
manufactured by Canberra. The source—sample
distance was 10 cm and the sample—detector
distance was 5 cm. To minimize environmental
scattering, shielding blocks made of lead and
paraffin were placed around the setup. The initial
dose (Do) was determined from a 20-minute blank
measurement.  Following the  experimental
geometry shown in Figure 2, all samples were
positioned between the neutron source and the
detector, and the transmitted dose through each
sample (Dp) was measured. The dose absorbed by
the samples (Ds) was then found using the relation
Ds= Do — Dp.

Table 2. Nuclear structure characteristics of the **! Am-Be neutron source (**' Am-Be nétron kaynaginin
niikleer yap1 6zellikleri)

Physical half-life: 432.2 years Specific activity: 127GBq/g
Principle Emissions Energy (MeV) Effective energy (MeV) Dose rate (Sv/h/
GBqatlm)
Gamma 0.0139 (42.7%) - 85
0.0595 (35.9%)
Alpha 5.4430 (12.8%) - -
5.4860 (85.2%)
Neutron - 4.5 0.6

http://stuarthunt.com/pdfs/Americium 241Beryllium.pdf
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Collimator

Figure 2. Experimental design (Deneysel tasarim)

3. RESULTS AND DISCUSSION (SONUCLAR
VE TARTISMA)

The neutron interaction properties of NiTi and
CuNiTi alloys, which are commonly used in dental
therapy applications, were investigated using Monte
Carlo simulations and experimental measurements.
To evaluate epithermal and fast neutron
interactions, key shielding parameters including
effective removal cross-section, transmission
number half-value layer, and mean free pathwere
determined using the GEANT4 techniques based on
the simulation geometry shown in Figure 1 for the
alloys listed in Table 1. The calculated results are
presented in Tables 3 and 4 and Figures 3-6.
Additionally, dose measurements were performed
to quantify the absorbed dose rates of the samples.

3.1. Neutron Interaction Properties (Notron
Etkilesim Ozellikleri)

The ERCS values for 4.5 MeV fast neutrons were
determined for all samples, as shown in Table 3 and
Figure 3. As clearly observed from both the table
and the figure, all samples exhibit non-zero
effective removal cross-section values, indicating
that they are capable of interacting with fast
neutrons and attenuating the incident neutron flux.
Among the investigated materials, the ERCS values
increase in the order P < S1 < S2. Accordingly,
sample S2 exhibits the highest fast neutron removal
capability, followed by S1, while sample P
(paraffin) shows the lowest shielding performance.
The superior neutron attenuation performance of S2
can be attributed to its higher density and the
presence of Cu in its alloy composition compared to
S1 and P, which increases the probability of neutron
with matter interactions

Table 3. Comparison of shielding parameters in 1 mm thick samples for 10° incident fast neutrons (4.5
MeV) (1 mm kalinligindaki numunelerde 105 adet hizli ntron (4,5 MeV) igin koruma parametrelerinin kargilagtiriimasi)

Sample | Half value layer (mm) Mean free path A Neutron transmission Fast Neutron
Code (mm) factor ( I/Io) ERCS (cm™)

P 350.05+0.355 50.58+0.580 0.98042 0.0197

S1 246.61+0.2556 35.58+0.3610 0.97229 0.0281

S2 229.47+0.2210 33.11+0.3401 0.97021 0.0302
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Figure 3. Comparison of the fast neutron effective

removal cross-sections of the samples (Numunelerin
hizli n6tron etkili uzaklastirma kesitlerinin karsilagtirilmasi)

The HVL values given in Table 3 and Figure 4 are
ranked as P> S1>S2 (350.05 mm, 246.61 mm, and
229.47 mm, respectively).

According to these results, sample S2 exhibits the
lowest HVL value, followed by S1, while sample P
has the highest HVL. This ranking clearly indicates
that S2 and S1 demonstrate superior fast neutron
shielding performance compared to P, since a lower
HVL value means that the material can reduce the
incident neutron flux by half with a smaller
thickness. Consequently, materials with lower HVL
values possess higher neutron attenuation
capability.

Similarly, the mean free path (MFP, A) values
presented in Table 3 decrease in the order of P > S1
> S2 (50.58 mm, 35.58 mm, and 33.11 mm,
respectively). A lower MFP value implies that
neutrons interact with the material atoms over a
shorter distance, leading to earlier energy loss and
more effective attenuation. Accordingly, neutrons
interacting with S2 and S1 experience more
frequent collisions compared to P, which enhances
their neutron shielding effectiveness. Among all
samples, S2 exhibits the best shielding performance
based on its minimum MFP value.

Furthermore, the neutron transmission factor (I/Io)
values listed in Table 3 follow the same trend,
decreasing in the order of P > S1 > S2
(approximately 0.98042, 0.97229, and 0.97021,
respectively). The lower transmission factor of S2
indicates a reduced neutron penetration rate,

Figure 4. Comparison of the fast neutron half value
layer of the samples (Numunelerin hizli ntron yari deger
katmanlarinin karsilastiriimasi)

380
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g 320 i
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= i
g i
= 280 ;
- H
= ;
§ 260 N\ 4
=
g 240 i on""‘-'-x‘ i
Z : —Q
= 220 : {
200 d
P s1 s2
Sample

confirming that this sample provides the highest
neutron shielding capacity among the investigated
materials. In general, a material characterized by
low HVL and MFP values along with a low neutron
transmission factor is considered highly effective
for fast neutron attenuation. Based on all evaluated
theoretical ~shielding parameters, sample S2
demonstrates the highest neutron shielding
capability, followed by S1, whereas sample P
exhibits the weakest shielding performance. These
differences in neutron shielding behavior can be
attributed to variations in the Ni, Ti, and Cu ratios
within the material composition, which influence
neutron—matter interaction probabilities.
Determining the epithermal neutron shielding
properties of stainless steel wire materials
commonly used in dentistry is important for both
patient safety and the evaluation of radiation—
biomaterial interactions. These materials, which
remain in the oral cavity for extended periods during
orthodontic treatments, may be exposed to neutron
radiation originating from radiotherapy procedures,
laboratory research, or environmental sources.
Neutrons in the epithermal energy range interact
strongly  with  material composition and
microstructure through scattering and absorption
processes. Therefore, calculating epithermal
neutron absorption cross-sections and key shielding
parameters—such as the half-value layer (HVL),
mean free path (MFP), effective removal cross-
section, and neutron transmission factor provides
valuable insights into the long-term
biocompatibility and radiation safety of dental steel
wires. The obtained results were also compared with
those of paraffin, a reference material widely used
in neutron shielding applications.
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Figure 5. Comparison of the epithermal neutron

effective removal cross-sections of the samples
(Numunelerin epitermal notron etkin uzaklastirma kesitlerinin
karsilastirilmast)

Based on the epithermal neutron effective removal
cross-section (ERCS) values presented in Table 4
and Figure 5, paraffin (P) exhibits the highest ERCS
value (0.1827 cm™), followed by S2 (0.0943 cm™)
and S1 (0.0926 cm™). Materials with higher ERCS
values possess greater epithermal neutron
attenuation capability; therefore, the epithermal
neutron attenuation capacity of the materials can be

Part C, 14(1): 489-497 (2026)
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Figure 6. Comparison of the epithermal neutron

Half value layer of the samples (Orneklerin epitermal
ndtron yari deger tabakasinin kargilastirilmasi)

ranked as P > S2 > S1 according to their ERCS
magnitudes. This behavior is attributed to the high
hydrogen content in paraffin, since hydrogen is
highly effective in moderating epithermal neutrons.

Table 4. Comparison of shielding parameters for Imm thick samples, for 10° incident epithermal neutron
(0.25 eV) (1 mm kalinhigindaki numuneler igin, 105 adet epitermal ndtron (0,25 eV) 1s1mimina karst koruma parametrelerinin

karsilastirilmasi

Sample code Epithermal Neutron

Epithermal Neutron

Epithermal Neutron Epithermal Neutron

Half value layer (cm) Mean free path A transmission factor ( ERCS (cm')
(mm) 1/10)
P 3.79+0.37 5.47+0.54 0,83296 0.1827
S1 7.48 £0.75 10.79 +0.80 0.91147 0.0926
S2 7.34+£0.74 10.60 = 0.10 0.90995 0.0943

P: Paraffin, S: Sample

When the half-value layer (HVL) values given in
Table 4 and Figure 6 are examined, it is observed
that paraffin, S2, and S1 have HVL values of 3.79
cm, 7.34 cm, and 7.48 cm, respectively. The HVL
represents the thickness of a material required to
reduce the neutron intensity by half; therefore,
materials with lower HVL values exhibit greater
epithermal  neutron  attenuation  capability.
Accordingly, the epithermal neutron attenuation
capacities of the materials can be ranked as P > S2
> S1. Similarly, an examination of the mean free
path (MFP) values presented in Table 4 shows that
paraffin, S1, and S2 have MFP values of 5.47 mm,
10.79 mm, and 10.60 mm, respectively. A lower
MFP value indicates a higher neutron attenuation
capability of the material. Based on the MFP values,
the ranking can be expressed as S1 > S2 > P,
indicating that epithermal neutrons travel the

shortest distance within paraffin. This implies that
neutrons lose their energy more rapidly through
interactions within paraffin and are therefore more
effectively  attenuated. = Consequently,  the
epithermal neutron attenuation performance of the
materials can again be ranked as P > S2 > S1.

Furthermore, considering the neutron transmission
factors (I/Io) provided in Table 4, paraffin, S1, and
S2 exhibit values 0f 0.83296, 0.91147, and 0.90995,
respectively. A lower transmission factor indicates
stronger epithermal neutron attenuation, as this
parameter represents the ratio of transmitted
neutrons to incident neutrons. Accordingly, a lower
value reflects a higher fraction of neutrons absorbed
or scattered within the material. Based on these
values, the neutron attenuation performance of the
materials can be ranked as P > S2 > S1. The higher
neutron absorption capability of S2 compared to S1
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can be attributed to the presence of copper (Cu) in
its composition, as well as its higher density relative
to S1.

3.2. Neutron Dose Measurement Results (Notron
Doz Olgiim Sonuglarr)

Table 5. Absorbed dose results of all samples (Tiim
numunelerin absorbe edilen doz sonuglar)

Sample Absorbed Dose | Radiation
by Samples protection
(uSv/h) efficiency (%)
Background 1.3905 -
P 0.4516 32.47
S1 0.5206 37.43
S2 0.5318 38.24
P: Paraffin, S: Sample
1.6
1.4 +
= 12 .‘L.‘-\
‘; 1.0 \
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2 \
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Figure 7. Comparison of the absorbed dose rates of

the samples (Numunelerin absorbe edilen doz hizlarimn
karsilastirilmasi)

As shown in Table 5 and Figure 7, the measured
absorption values clearly demonstrate the high fast
neutron absorption capacities of the investigated
materials. While the dose rate emitted by the source
was approximately 1.39 puSv h™', all examined
samples significantly reduced the transmitted dose.
Among the samples, paraffin (P) absorbed 32.47%
(0.4516 pSv h™') of the emitted dose, whereas S1
and S2 absorbed 37.43% (0.5206 uSv h') and
38.24% (0.5318 pSv h™), respectively, indicating
markedly higher absorption compared to paraffin.
As observed for other parameters, the hydrogen
content plays a significant role in the neutron
absorption behavior of paraffin. The superior
absorption performance of S2 can be attributed to
its higher density (7.03 g cm™) and the presence of
copper (Cu) in its composition, as presented in
Table 1. An increase in shielding material density

and the incorporation of heavier elements enhance
the probability of neutron—matter interactions.
Based on these findings, the fast neutron absorption
capacity of the materials can be ranked, from
highest to lowest, as S2 > S1 > P.

4. CONCLUSIONS (SONUCLAR)

This paper comprehensively investigates the
neutron interaction behavior of S1 (NiTi) and S2
(CuNiTi) alloys, which are commonly used in
orthodontic atherapy pplications, under exposure to
both fast and epithermal neutrons. The principal
neutron attenuation parameters the effective
removal cross-section, half-value layer (HVL),
neutron transmission factor, and mean free path
(MFP) were theoretically calculated using the
Geant4 Monte Carlo simulation techniques and
compared with paraffin, a widely used neutron
moderator. In addition, experimental radiation
measurements were performed to evaluate the fast
neutron absorption capacities of the materials.
Based on the combined theoretical and
experimental results, both alloys exhibited notable
attenuation capabilities against fast and epithermal
neutrons. The fast neutron attenuation performance
of the materials followed the order S2 > S1 > P, with
the superior attenuation capacity of S2 primarily
attributed to the presence of copper (Cu) in its
composition and its higher density relative to the
other materials. In contrast, the epithermal neutron
attenuation performance was ranked as P > S2 > S1,
with the high attenuation efficiency of paraffin
mainly arising from its high hydrogen content.
Orthodontic wires fabricated from these alloys
remain in the oral cavity for extended periods,
ranging from days to months or even years.
Therefore, for patients who may wundergo
radiotherapy during orthodontic treatment, prior
knowledge of the radiation interaction
characteristics of these alloys is critically important
for ensuring patient safety and treatment efficacy.
The findings of this study indicate that orthodontic
wires made from NiTi and CuNiTi alloys can be
safely used concurrently with radiotherapy, and that
these materials may contribute to the protection of
oral and dental tissues by attenuating the fast and
epithermal neutrons with which they interact.
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