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In this study, the dose distribution and induced radioactivity of a proton-irradiated Nitinol (NiTi) shape
memory alloy plate with dimensions of 2 x 1 x 0.3 cm were investigated using the FLUKA Monte Carlo
code at three different proton energy values of 8.5, 25.5, and 42.5 MeV under a constant beam intensity
of 2.0 x 10 p/s. Simulations carried out through the FLUKA/FLAIR interface were used to evaluate
the total specific activity, activation-product inventory, residual ambient dose equivalent H*(10)
distributions, and neutron fluence spectra at the end of irradiation and after cooling times of 1 hour, 1
day, and 1 week. The results showed that ’V was the dominant radionuclide in all energy scenarios. The
total specific activity of the sample after irradiation increased from around 1.00 x 107 Bg/g for 8.5 MeV
to about 1.12 x 10° Bq/g for 25.5 MeV and 2.30 x 10° Bq/g for 42.5 MeV, respectively, corresponding
to an approximately 230-fold increase across the considered energy range. The co-production of **V and
%Cu for the 8.5 MeV case is consistent with the radionuclide inventory reported in brachytherapy-
oriented activation studies of Nitinol. Maps for residual dose distribution showed that there was
maximum radiation field intensity at the center of the implant, which quickly decayed in the initial phase
of cooling; however, it remained at high levels after longer cooling time in the higher energy cases. The
neutron fluence spectra likewise showed a systematic increase in the secondary radiation field with
increasing proton energy, in agreement with the observed activation inventory. Overall, the results
provide a structured picture of the energy-dependent activation and dose behavior of proton-irradiated
Nitinol. These findings provide a reliable basis for radiation safety assessment, cooling-time
optimization, and the planning of future implant-focused proton dosimetry studies.
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1. INTRODUCTION

Nitinol (NiTi), a near-equiatomic nickel-titanium shape memory alloy (SMA), has emerged as a promising

smart material in the design of medical devices due to its unique combination of superelasticity, shape memory

effect, biocompatibility, and relatively strong corrosion resistance (Morgan, 2004; Aboutalebi et al., 2015).

The ability of the alloy to undergo reversible martensitic phase transformations greatly enables its applications,

ranging from cardiovascular stents and guidewires to orthodontic archwires and surgical instruments (Duerig

et al., 1999). More recently, the convergence of advances in Nitinol materials with radiation medicine has

opened new research areas, especially in the development of radioactive stents for intravascular brachytherapy

and the radiological behavior of metallic implants in high-radiation environments (Eigler et al., 1999; Arbabi
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et al., 2009). Beyond brachytherapy, NiTi alloys are increasingly encountered in space systems, nuclear
engineering, and biomedical environments where radiation exposure is unavoidable. Accordingly, radiation
interactions in different SMAs have been extensively investigated through both simulations and in situ
experiments. The results indicate irradiation-induced changes in mechanical and physical properties as well as
microstructure after radiation exposure (Dughaish, 1997; Tatar & Zengin, 2005; Saud et al., 2014). As a proton
beam passes through a metallic target, it loses energy mainly via ionization, multiple Coulomb scattering, and
hadronic interactions. This deposits energy locally and, at the same time, drives several secondary effects: the
production of secondary particles, displacement damage in the lattice, and the activation of target nuclei, the
latter of which can give rise to short- and medium-lived radionuclides (Agosteo et al., 1998; Stoller et al.,
2013; Siddiqui et al., 2023; Yu & Chen, 2024). Understanding the spatial distribution of energy deposition,
absorbed dose, and induced radioactivity is therefore essential for optimizing performance of the related

applications, ensuring radiation safety, and predicting long-term material behavior (Schneider et al., 2002).

Producing vanadium-48 (V-48) by proton activation of the titanium isotopes present in Nitinol has drawn
considerable interest as a route to brachytherapy sources (Li et al., 1998; Eigler et al., 1999; Arbabi et al., 2009;
Sadeghi et al., 2011). A mixed beta—gamma emitter with a 15.97-day half-life and a p* branching ratio of
49.5%, V-48 can deliver therapeutic doses directly to vessel walls, which has made it an potential candidate
for intravascular brachytherapy (Nath et al., 1999; Sadeghi et al., 2011; Chen, 2022). The 5-15 MeV proton
energy window is important because the main nuclear reaction channel, “*Ti(p,n)*V, occurs within this interval,
making this energy range particularly crucial for medical isotope production (Sadeghi et al., 2012). Proton
activation of nickel and trace elements also produces other radionuclides such as copper-64 (Cu-64), cobalt
isotopes, and various zinc isotopes, each contributing to the overall activity inventory and dose distribution

(Anwer et al., 2022; Muhammad et al., 2025).

Monte Carlo simulation has become the standard approach for predicting radiation transport, energy
deposition, and activation across a wide range of geometries (Bohlen et al., 2014). The FLUKA Monte Carlo
code is a complete and integrated tool for simulating all aspects of particle physics problems, from thermal
neutrons up to high energy particles of cosmic rays. It combines detailed physics models for electromagnetic
interactions, hadronic cascades, and low-energy neutron transport, a combination that makes it particularly
well suited to activation and dosimetry studies (Ferrari et al., 2005; Bohlen et al., 2014; Battistoni et al., 2015).
The code has been tested extensively on experimental data for proton interactions in various materials and is
widely used in medical physics, radiation protection, and accelerator applications (Amin et al., 2018; More et
al., 2023; Rafiei et al., 2025). Furthermore, several experimental studies have investigated proton-induced
activation in Nitinol for medical applications, providing valuable benchmarks for validating the simulation

results (Li et al., 1998; Arbabi et al., 2009; Sadeghi et al., 2011).

Li et al. (1998) developed a “*V-emitting Nitinol stent for intracoronary brachytherapy by activating

commercial stents with 8.5 + 1.5 MeV protons in a cyclotron. The study showed that a **V-emitting Nitinol
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stent, produced by proton activation of titanium atoms within the Nitinol alloy, could act as a localized mixed
beta/gamma intravascular brachytherapy source for restenosis-related applications. Under their irradiation
conditions, the authors reported an activity production rate of approximately 6.0 mCi per stent per hour,
depending on irradiation conditions and stent geometry. In the present FLUKA calculation, the activity density
was calculated as 6.45 x 107 Bg/cm?® for a 0.6 cm?® NiTi target volume, corresponding to a total activity of 3.87
x 107 Bq, or approximately 1.05 mCi. Since this value is averaged over a larger bulk NiTi target volume, it
should not be directly compared with the activity density of a thin coronary stent. When this total activity is
hypothetically normalized to the modeled stent metal volume reported by Li et al. (1998), approximately 3.7
mm? or 0.0037 cm?, this corresponds to a stent-volume-normalized activity density of approximately 1.05 x
10'° Bg/cm?. Considering the real strut cross-section of approximately 180 x 240 um, the corresponding value
would be approximately 6.2 x 10° Bg/cm?®. Therefore, the normalized activity density is approximately in the
order of 10°-10'° Bg/cm?, in reasonable agreement with the activity level expected for activated thin Nitinol
stent geometries. This comparison should be interpreted as a geometry-based normalization rather than a direct

one-to-one validation.

Arbabi et al. (2009) subsequently characterized the dosimetry of proton-activated Nitinol stents for renal artery
brachytherapy by irradiating them with 8.5 MeV protons and measuring an average contact dose rate of 37
mGy/h after 3 days of cooling at an initial activity of approximately 6 pCi (~0.22 MBq). Normalizing this
measurement to unit activity yields approximately 168 mGy/h per MBq. In the present FLUKA simulation at
8.5 MeV, the total activity of the bulk NiTi target was found to be approximately 38.7 MBq (1.00 x 107 Bq/g
x 3.87 g) at end of irradiation (EOI), and it decreased to about 2.55 MBq after 3 days of cooling, mainly due
to the residual contribution of “*V and **Cu. When the corresponding simulated contact-surface H*(10) rate at
3 days was normalized to unit activity, a value of approximately 195 + 18 mGy/h per MBq was obtained, which
is in good agreement with the experimental value of 168 mGy/h per MBq reported by Arbabi et al. (2009). The
relative deviation between the two values is about 16 %, and it is consistent with the experimental uncertainty
of around 10 % reported in (Arbabi et al., 2009), as well as with the geometric simplification adopted in the
present simulation, in which a flat plate geometry was used instead of a cylindrical stent. This level of
agreement provides further support for the overall consistency of the activation and dose calculations obtained
in the 8.5 MeV regime, where the dominant “Ti(p,n)*V reaction channel is known to have well-characterized

cross sections.

Despite extensive work on proton-activated Nitinol stents (Li et al., 1998; Eigler et al., 1999; Arbabi et al.,
2009; Sadeghi et al., 2011), experimental and computational studies characterizing the effect of proton
irradiation distribution of energy deposition, dose, and activation products are relatively scarce. Previous
research has largely focused on either the production yields for specific isotopes (Sadeghi et al., 2012; Amin
et al., 2018; Anwer et al., 2022; Muhammad et al., 2025), or the microstructural effects of proton irradiation

on phase transformations (Dughaish, 1997; Z. G. Wang et al., 2003; H. Wang et al., 2018; Yi et al., 2022).
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However, comprehensive energy-resolved evaluations that simultaneously address total specific activity,
residual ambient dose equivalent, secondary neutron fluence spectra, and the complete activation-product

inventory remain scarce.

In this work, we use FLUKA to systematically simulate a Nitinol plate irradiated at 8.5, 25.5, and 42.5 MeV
under a constant proton flux of 2.0 x 10" p/s. The study aims to quantify the total specific activity and identify
the dominant activation products at each energy, to map the spatial distribution of H*(10) at multiple cooling
times, to analyze the neutron fluence spectra and their energy dependence, and to provide a structured dataset
that supports radiation safety assessment, cooling-time planning, and future implant-focused dosimetry studies.
The results provide a quantitative basis for evaluating activation yields in proton-irradiated Nitinol, for
radiation-protection assessments related to such activated components, and for understanding radiation-

induced material modifications.

The simulation utilizes FLAIR (FLUKA Advanced Interface) for geometry construction and visualization and

employs multiple scoring techniques to systematically characterize the radiation field and activation products.

2. MATERIAL AND METHOD

2.1. Simulation Design

Systematic Monte Carlo simulations were carried out with the FLUKA code through the FLAIR graphical
interface. The FLUKA model is chosen because it considers both hadron and electromagnetic processes under
the same transport model, employs multigroup cross-sections for low-energy neutrons, and performs residual
activity calculations using the RADDECAY module (Ferrari et al., 2005; Bohlen et al., 2014; Battistoni et al.,
2015). Moreover, the reliability of the FLUKA simulation for proton dosimetry and activation studies in this
research is also confirmed by recent benchmarks and validation studies (Amin et al., 2018; Rafiei et al., 2025;

Serban et al., 2025).

All simulations were performed using FLUKA version 4-5.0 together with the FLAIR graphical interface
(version 3.4-3). The target shape was modeled as a rectangular Nitinol shape memory alloy plate with
dimensions of 2.0 x 1.0 x 0.3 cm, corresponding to a volume of 0.60 cm?®. The alloy density was taken as 6.45
g/cm?, resulting in a target mass of 3.87 g. The NiTi composition was defined as a near-equiatomic Ni—Ti
binary mixture with mass fractions of 55.0% Ni and 45.0% Ti, corresponding to the nominal 50.6 at.% Ni
stoichiometry of commercial Nitinol. The NiTi plate was selected as the target and placed inside the scoring
volume, while the surrounding region was filled with air to estimate the target's intrinsic post-irradiation
radiological properties. A quasi-monoenergetic proton beam (0.45 MeV FWHM energy spread), normally
incident on the 2.0 x 1.0 cm plate surface, was applied under three irradiation scenarios at 8.5, 25.5, and 42.5
MeV. The beam was defined with a circular Gaussian profile (FWHM = 2.0 cm) centered on the plate, with
negligible angular divergence; the source point was placed 5 cm upstream of the target surface in air. The beam

width was deliberately chosen to be larger than the plate to ensure spatially uniform proton coverage across


https://doi.org/10.54287/gujsa.1951854

Cakir & Gokmen, 2026
GU J Sci, Part A 13(2) 906-924  (2026)

910 .
10.54287/gujsa. 1951854

the entire implant surface. In each case, the proton beam intensity was kept constant at 2.0 x 10" p/s,
corresponding to an approximate beam current of 3.2 pA. For all cases, the duration of irradiation was fixed
at 1 h, resulting in a total proton fluence of 7.2 x 10'¢. The above energies were chosen because they cover
both the low energy activation window suitable for producing “*V and high energies where other nuclear
reactions take place (Sadeghi et al., 2012; Anwer et al., 2022; Muhammad et al., 2025). Table 1 summarizes

the principal irradiation parameters.

Table 1. Principal input parameters used in all irradiation scenarios.

Parameter 8.5 MeV 25.5 MeV 42.5 MeV
Proton flux, I 2.0 x 10" p/s 2.0 x 10" p/s 2.0 x 10" p/s
Beam current ~3.2 pA ~3.2 pA ~3.2 uA

Irradiation time 1 hour 1 hour 1 hour
Total fluence 7.2%x10'%p 7.2x10%p 7.2%x10%p

Residual dose
cooling times

EOL 1h,1d, 1w

EOL 1h,1d,1w

EOL 1h,1d, 1w

Activation output

Isotopic and total
specific activity

Isotopic and total
specific activity

Isotopic and total
specific activity

Fluence output

E-d®/dE

E-d®/dE

E-d®/dE

2.2. Physics Settings and Scoring

The physical settings in FLUKA were set up to make sure that hadronic cascades, radioactivity decays, and
residual doses could be accurately treated within the energy range studied. The default physical settings of
PRECISIO were employed as the initial physical settings, which activates the PEANUT (Pre-Equilibrium
Approach to Nuclear Thermalization). PEANUT is generalized intranuclear cascade model for proton-induced
reactions across the whole energy investigated in this work. In addition to the PRECISIO defaults, the
coalescence of light fragments (PHYSICS, COALESCE) and the evaporation of heavy fragments (PHYSICS,
EVAPORAT) were explicitly activated to improve the treatment of light-fragment and residual-nucleus
production. Residual activity calculations and the time evolution of radioactive decay were enabled using the
RADDECAY card, which relies on the internal FLUKA decay-data library. The simulations were carried out
with the PRECISIO defaults. Since no additional EMFCUT card was used, the electron, positron and photon
transport thresholds followed the default electromagnetic transport settings of FLUKA. Low-energy neutrons
were transported down to thermal energies using the neutron transport treatment available in FLUKA. The
irradiation profile was defined with the IRRPROFI card for an irradiation time of 1 h at constant intensity, and

the post-irradiation cooling times EOI, 1 h, 1 d, 1 w were specified with the DCYTIMES card.

The main quantities were scored using the following FLUKA estimators. The RESNUCLEI card was used to

obtain isotope-resolved and total specific activities in Bq/g at EOI and after cooling. Residual ambient dose
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equivalent rate, H*(10), was scored using USRBIN together with the AMB74 fluence-to-dose conversion set
on a Cartesian mesh of 30 x 30 x 30 cm? centered on the target (—15 to +15 cm along each axis) with 100 x
100 % 100 bins, corresponding to a spatial resolution of 0.3 cm per bin, from which two-dimensional maps in
the plane of the implant were extracted. The neutron fluence spectrum inside the NiTi volume was evaluated
with USRTRACK using logarithmic energy binning and expressed in the lethargy representation, E-d®/dE.
Each irradiation scenario was simulated with 5 independent statistical runs of 2 x 10® primary protons (1 x 10°
histories in total), which kept the relative statistical uncertainty below 5 % for all major activation products
reported in Table 2—4 and below 10 % for the H*(10) maps in the high-dose region around the implant. This
combination of scorers made it possible to examine the activation inventory, the time-dependent activity
decline, the residual external radiation field, and the energy dependence of the secondary neutron field within

a single simulation workflow (Ferrari et al., 2005; Bohlen et al., 2014; Battistoni et al., 2015).

2.3. Physical Formalism

The production rate of radionuclide i may be written as

R(E) = @ - Nt - 6;(E) (1

where @, is the proton flux (p/s), Ny is the number of target atoms per unit mass, and o;(E) is the energy-
dependent reaction cross section for channel i. After an irradiation time t;;,- and a cooling time t, the specific

activity of radionuclide i can be expressed as

Ai(t;) = P(E) - (1 — e_}‘i'tirr) e Aite @

where A; = In(2) /Ty, is the decay constant. The total specific activity is then obtained by summing over all

produced radionuclides:

Avorar(te) = Z Ai(te) 3)

The residual ambient dose equivalent rate at position r and cooling time t may be written as
H'(10,1,0) = ) @4, 0) -y @
K

where @, (r, t) is the fluence of radiation type k at position r and time t, and hy, is the corresponding fluence-
to-ambient-dose-equivalent conversion coefficient (Pelliccioni, 2000; Ferrari et al., 2005). In the present work,
these quantities were not evaluated analytically but extracted from the FLUKA USRBIN scorer described

above; the equations are provided to define the physical meaning of the reported outputs.
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3. RESULTS AND DISCUSSION

3.1. Activation Products and Specific Activity at the End of Irradiation

At EOIL, the activation inventory was dominated by a limited number of radionuclides, although both the total
activity level and the isotopic diversity increased strongly with proton energy. In all three scenarios, *’V was
identified as the dominant radionuclide, confirming that activation of the Ti component governs the early post-

irradiation behavior of NiTi in the investigated energy range.

For the 8.5 MeV scenario, the total specific activity at EOI was approximately 1.00 x 107 Bq/g. The leading
contributors were *’V, %2Cu, and "'C, while the simultaneous presence of ¥V and **Cu remained one of the most
important features of the low-energy case. The **V specific activity at EOI was 4.39 x 10° Bg/g (4.39 % of the
total), corresponding to a total “*V activity of approximately 1.70 MBq in the 3.87 g target; the *“Cu
contribution was 1.13 x 10° Bg/g (~0.44 MBq total). For reference, the proton-activated Nitinol stents reported
by Arbabi et al. (2009) reached an initial activity of ~0.22 MBq before clinical handling, and earlier
intravascular brachytherapy work (Li et al., 1998; Nath et al., 1999; Sadeghi et al., 2011) has indicated that “V
end-of-irradiation activities of the order of 0.1-1 MBq per device are within the therapeutically useful range.
Accordingly, the present 8.5 MeV simulation already produces a “V activity of approximately 1.70 MBq,
which is about 7.7 times higher than the ~0.22 MB(q reported by Arbabi et al. (2009) and lies slightly above
the upper bound of the 0.1-1 MBq range reported in earlier intravascular brachytherapy studies (Li et al., 1998;
Nath et al., 1999; Sadeghi et al., 2011). Shorter irradiation times or reduced beam currents could therefore be
used to adjust the “V yield toward that reported range, depending on the intended device geometry and post-
irradiation handling requirements. However, direct clinical applicability would still require dedicated
experimental validation. The concurrent production of *Cu is also of interest for activation studies on NiTi

alloys irradiated by low-energy proton beams.

At 25.5 MeV, the total specific activity increased sharply to about 1.12 x 10° Bq/g, corresponding to an
approximately 112-fold increase relative to 8.5 MeV. Although "V remained the dominant radionuclide, the
activation inventory became significantly richer. In addition to *’V, the most important contributors were “°Cu,
*8Cu, and *™Sc, indicating that several intermediate-threshold channels of nuclear reactions in Ni and Ti

became effective in this energy region (Sadeghi et al., 2012; Anwer et al., 2022; Muhammad et al., 2025).

At 42.5 MeV, the total specific activity reached approximately 2.30 x 10° Bq/g, corresponding to an
approximately 230-fold increase relative to the 8.5 MeV case and an approximately 2.05-fold increase relative
to 25.5 MeV. The major activation products at this point include “’V, ¥mSc, and **Cu, as well as other short-
lived and medium-lived radionuclides. Thus, an increase in the proton energy does not only increase the
activity but also broadens the reaction channel range (Sadeghi et al., 2012; Anwer et al., 2022; Muhammad et
al., 2025). It should be noted that the 19 radionuclides listed in Table 4 account for approximately 97.6 % of
the total specific activity at this energy, compared with 99.99 % at 8.5 MeV and 99.67 % at 25.5 MeV; the

remaining ~2.4 % at 42.5 MeV is distributed among a long tail of minor short-lived (T1/2 < 1 min) and very-
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low-yield channels, none of which individually exceeds 0.5 % of the total activity. This broader long tail is a

direct consequence of the larger number of accessible spallation and pre-equilibrium channels opened at 42.5

MeV.

Table 2, 3, and 4 show the major activation products at EOI for the 8.5, 25.5, and 42.5 MeV scenarios,

respectively. Table 5 provides a direct comparison of the three cases in terms of the total specific activity and

the dominant radionuclides.
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Table 2. Principal activation products in the NiTi sample at 8.5 MeV (t = 0, EOI).

Radionuclide Half-life Specific activity (Bq/g) Fraction of total activity (%)
47V 32.6 min 3.788E+06 37.86
62Cu 9.672 min 3.660E+06 36.58
11C 20.334 min 1.354E+06 13.53
48V 15.9735d 4.393E+05 4.39
60Cu 23.7 min 2.693E+05 2.69
61Cu 3343 h 1.366E+05 1.37
64Cu 12.7004 h 1.128E+05 1.13

46m1Sc 18.75s 5.685E+04 0.57
140 70.696 s 4.134E+04 0.41
13N 9.965 min 3.562E+04 0.36

46m2Sc 9.4 us 3.101E+04 0.31
44Sc 4.0421 h 2.571E+04 0.26

44m2Sc 154.8 ns 2.067E+04 0.21

45mSc 318 ms 1.550E+04 0.15

58m2Co 10.5 ps 1.034E+04 0.10
150 122.24 s 5.168E+03 0.05
49V 330d 2.070E+03 0.02

58m1Co 8.853 h 1.744E+03 0.02

44m1Sc 58.61 h 6.076E+02 0.01

Total activity ratio of 19 nuclides 99.9986 %
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Table 3. Principal activation products in the NiTi sample at 25.5 MeV (t = 0, EOI).

Radionuclide Half-life Specific activity (Bq/g) Fraction of total activity (%)
47V 32.6 min 3.150E+08 28.16
60Cu 23.7 min 2.362E+08 21.11
58Cu 3.204s 1.865E+08 16.67

45mSc 318 ms 1.045E+08 9.34
62Cu 9.672 min 8.212E+07 7.34
46V 422.62 ms 5.912E+07 5.29

46mV 1.02 ms 2.956E+07 2.64
45Ti 184.8 min 2.791E+07 2.49

46mSc 9.4 ps 1.800E+07 1.61
61Cu 3343 h 1.546E+07 1.38
59Cu 81.5s 1.267E+07 1.13
57Ni 35.60 h 9.443E+06 0.84
44Sc 4.0421 h 7.036E+06 0.63
48V 15.9735d 4.287E+06 0.38
43Sc 3.891h 2.371E+06 0.21
55Co 17.53 h 1.911E+06 0.17

60mCo 10.467 min 1.014E+06 0.09

58mCo 8.853h 1.013E+06 0.09

42mSc 61.7s 7.855E+05 0.07

Total activity ratio of 19 nuclides 99.6675 %
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Table 4. Principal activation products in the NiTi sample at 42.5 MeV (t = 0, EOI).

Radionuclide Half-life Specific activity (Bq/g) Fraction of total activity (%)
47V 32.6 min 6.579E+08 28.55
45mSc 318 ms 2.800E+08 12.15
58Cu 3.204s 2.790E+08 12.11
46mSc 9.4 us 2.162E+08 9.38
60Cu 23.7 min 1.535E+08 6.66
45Ti 184.8 min 1.193E+08 5.18
46V 422.62 ms 1.074E+08 4.66
53Fe 8.51 min 6.664E+07 2.89
62Cu 9.672 min 5.531E+07 2.40
59Cu 81.5s 5.467E+07 237
46mV 1.02 ms 5.369E+07 233
44Sc 4.0421 h 5.075E+07 2.20
53mFe 2.54 min 3.362E+07 1.46
57Ni 35.6h 3.299E+07 1.43
61Cu 3.343h 1.942E+07 0.84
54Co 193.27 ms 1.884E+07 0.82
54mCo 1.48 min 1.884E+07 0.82
58mCo 8.853h 1.799E+07 0.78
43Sc 3.891h 1.384E+07 0.60
Total activity ratio of 19 nuclides 97.6318 %
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Table 5. Comparison of total specific activity and dominant radionuclides at EOL
Energy Total specific activity (Bq/g) Relative to 8.5 MeV Three leading radionuclides
8.5 MeV 1.00 x 107 1.0 7V, 2Cu, "'C
25.5 MeV 1.12 x 10° ~112 47V, $°Cu, **Cu
42.5 MeV 2.30 x 10° ~230 7V, #mSc, #Cu

3.2. Time-Dependent Activity Evolution

Activity reduction curves for all three cases show a two-phased pattern where the activity falls from the EOI
stage until one week after exposure. Phase 1 is marked by a relatively fast fall of activity lasting from several
minutes to about an hour due to the radioactive decay of short-lived radioisotopes such as 62Cu, 47V, 60Cu,
and 58Cu. This process occurs especially quickly in the 25.5 and 42.5 MeV cases because of the large presence

of short-lived reaction products.

The activity decay rate becomes slower in long-term cooling time. During this late phase, the activity curve is
dominated by radionuclides with a longer half-life, such as 64Cu, 57Ni, 48V, and 49V if available. The reason
behind the sharp drop in activity within the first few seconds after irradiation, yet the presence of activity after
a week, especially in high-energy instances, is due to this trend. The relative bar graph at 1 hour, 24 hours, 72
hours, and 168 hours confirms that the highest activity is maintained in the 42.5 MeV case, followed by 25.5
MeV and 8.5 MeV.

Activity decay curves for each irradiation condition are presented in Figure 1 through 3. The rapid initial drop
in total activity due mainly to the activity of the short-lived 47V, 62Cu, and 11C nuclides is succeeded by a
gradual decrease after 1 hour, with remaining activities after 7 days due to 48V and 64Cu (Figure 1) at 8.5
MeV energy. At 25.5 MeV, where there is a much greater number of produced radionuclides, including 60Cu,
58Cu, and 45mSc, the slope of the decay curve is higher during the first stage and results in a higher level of
activities maintained throughout the following period in comparison with those at 8.5 MeV (Figure 2). At 42.5
MeV, very short-lived elements, including 45mSc with its half-life of only 318 ms, contribute to the extremely
fast activity decay, while the maintenance of activities throughout subsequent periods depends on 57Ni, 48V,
and the whole scandium chain of nuclides (Figure 3). The bar chart presented in Figure 4 clearly shows that
the activity difference between two investigated energies of about two orders of magnitude at 1 hour remains

significant at each of the four cooling times used.

3.3. Residual Ambient Dose Equivalent Rate Distributions

Across all three energies, the residual H*(10) maps placed the strongest external radiation field located around
the irradiated implant region. In all cases, the highest values appeared near the implant center, and the dose
field decreased progressively away from the source region. This spatial pattern is consistent with the
corresponding activation inventory, since radionuclide production was concentrated in the directly irradiated

NiTi volume.
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Figure 1. Specific activity decay curves for the 8.5 MeV proton irradiation scenario. The top 15 contributing
radionuclides and the total specific activity are shown as a function of cooling time from end of irradiation
(EOI) to 7 days.
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Figure 2. Specific activity decay curves for the 25.5 MeV proton irradiation scenario. The top 15
contributing radionuclides and the total specific activity are plotted from EOI to 7 days.


https://doi.org/10.54287/gujsa.1951854

Cakir & Gokmen, 2026

918
GU J Sci, Part A 13(2) 906-924  (2026) 10.54287/gujsa.1951854

] m— Tolal Activily 8¢

9 ] Top 15 Activity *Co
10 3 ——— Other Activity ——%'Cu
. — ¥Ni —0Cy

3 | STi —%Co
10° e nSe
“8e NI

] 07 - B 5o
E “Coml Se

-
=
=3
ul

Specific activity (Bg/g)
=,
ul

,_

o
T
|

1 min 10min 1h 5h 1lday 7day
Cooling time (s)

Figure 3. Specific activity decay curves for the 42.5 MeV proton irradiation scenario. The top 15
contributing radionuclides and the total specific activity are shown from EOI to 7 days.
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Figure 4. Comparative bar chart of total specific activity at four cooling times (1 h, 24 h, 72 h, and 168 h)
for the 8.5, 25.5, and 42.5 MeV irradiation scenarios.

The 8.5 MeV case (Figure 5A) gave a residual field that was tightly confined to the immediate vicinity of the
NiTi target at end-of-irradiation, with the peak H*(10) values sitting at the implant center and a steep radial

fall-off beyond it. The field declined rapidly during the early cooling period: the 1 h and 1 d maps already
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showed a marked decrease relative to EOI, and after 1 week the residual field had weakened substantially,

although it remained measurable close to the implant.

The 25.5 MeV case (Figure 5B) showed the same general spatial pattern, but with markedly higher dose rates
and a broader high-dose region. The richer inventory of Cu-, V-, and Sc-based activation products produced a
stronger early external field and left a more visible residual component at 1 d and 1 week, so the field persisted

longer during cooling than in the 8.5 MeV case.

The 42.5 MeV case (Figure 5C) produced the most intense and most spatially extended residual field of the
three energies, and also the highest central H*(10) values. The high-dose region grew progressively with proton
energy, reflecting both the larger number of accessible reaction channels and the contribution of secondary
neutrons to the activation pattern. At a fixed beam current of 3.2 pA, this means that the external radiation
field around an irradiated NiTi component scales strongly — and non-linearly — with the incident proton
energy. Although the field dropped substantially over the first hour and the first day, a measurable signal
persisted out to one week. The cooling-time evolution of the residual field is illustrated in detail for the 8.5
MeV case in Figure 6: after 1 h (Figure 6A) the distribution is still dominated by short-lived radionuclides such
as 2Cu, ¥V, and **Cu, producing a clearly defined high-dose region around the implant; by 1 d (Figure 6B)
both the peak intensity and the spatial extent are substantially reduced, reflecting the decay of these short-lived
contributors; and after 7 d (Figure 6C) the field is largely confined to the immediate neighborhood of the target,
with the remaining signal mainly attributable to longer-lived radionuclides such as “*V and *Cu. The sharp
attenuation between the 1 h and 7 d maps shows that even at the lowest energy investigated here, an adequate
cooling period is essential. The persistence seen at 42.5 MeV, on the other hand, reflects the contribution of
longer-lived radionuclides and suggests that NiTi components irradiated at this higher energy would call for
longer cooling times and stricter post-irradiation handling. Similar multi-stage residual-dose behavior has been
seen in other proton-irradiation and accelerator-radiation studies, where the early-time field is set by short-
lived products and the longer-term field by a smaller number of longer-lived radionuclides (Blaha et al., 2014;

Yu & Chen, 2024).
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Figure 5. Residual ambient dose two-dimensional distribution at the downtime for three energy scenarios. Scenario A:
8.5 MeV (A), Scenario B: 25.5 MeV (B), Scenario C: 42.5 MeV (C) at 3.2 pA.
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Figure 6. Residual ambient dose two-dimensional distribution at different cooling times for scenario A: (A) 1 hour
cooling, (B) 1 day cooling, (C) 7 days cooling.

3.4. Neutron Fluence Spectra

The neutron fluence spectra inside the NiTi target exhibited a clear energy-dependent hierarchy. Across
considered energy range, the highest neutron fluence was obtained for the 42.5 MeV case, which is followed
by 25.5 MeV and 8.5 MeV. It becomes clearly visible in the intermediate and high-energy parts of the neutron
spectrum that a rise in the proton energy not only boosts the number of produced neutrons but also expands

the area of their distribution (Figure 7).

The observed relationship is consistent with the physical nature of activation. As proton energy increases,
additional reaction channels become accessible, leading to enhanced secondary neutron production and a larger
inventory of activation products. Thus, the neutron spectra support the interpretation derived from the activity

data, indicating that higher proton energies result in stronger activation and higher residual dose levels.
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Figure 7. Neutron fluence spectra E-d®/dFE inside the NiTi target as a function of neutron energy (lethargy
representation) for the 8.5, 25.5, and 42.5 MeV proton irradiation scenarios.
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4. CONCLUSION

The simulation study, using the FLUKA code, has provided a systematic study of the radiological properties
of a Nitinol plate after irradiation with 8.5, 25.5, and 42.5 MeV protons at a constant beam intensity of 2.0 x

10"3 p/s. In brief, the main findings are summarized as follows.

47V was identified as the predominant activation product under the irradiation conditions considered in this
study, contributing about 28-38 % of the total specific activity at EOI. The total specific activity showed a
strong dependence on proton energy, increasing approximately 230-fold across the studied energy range, from

1.00 x 107 Bq/g at 8.5 MeV to 1.12 x 10° Bq/g at 25.5 MeV and 2.30 x 10° Bg/g at 42.5 MeV.

Irradiation with 8.5 MeV protons leads to the simultaneous formation of “¢V and *Cu isotopes, indicating that
the present results are relevant to brachytherapy-oriented activation studies and to medical-isotope production
research; direct clinical use would require dedicated experimental validation. The obtained ambient dose
equivalent maps corresponded well to the data on activated isotopes, as for each proton energy there were peak
values near the implant center that decayed quickly in the early cooling time and stayed visible later during
higher-energy irradiation scenarios. Similarly, the secondary neutron fluence spectra demonstrated an
increasing trend in secondary neutron production with the increase of proton energy, providing a clear physical

basis for the increased activation complexity and residual dose.

Overall, this study provides a comprehensive and energy-optimized activation and dose database for NiTi
implants irradiated with proton beams. The resulting dataset offers a practical basis for radiation safety

assessment, cooling-time optimization, and future implant-focused proton dosimetry studies.
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