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MODEL-BASED EVALUATION OF MEDICAL
89ZR PRODUCTION VIA THE 89Y(p,n)89ZR
AND 89Y(d,2n)89ZR REACTIONS USING TALYS

Murat DAG!

1. INTRODUCTION

Zirconium-89 (89Zr) has emerged as a key positron-
emitting radionuclide for immuno-PET, particularly because its
physical half-life matches the biological kinetics of monoclonal
antibodies. Its relatively long half-life (78.41 h) enables efficient
radiolabeling of monoclonal antibodies and other slowly
circulating biomolecules, thereby allowing high-quality PET
imaging several days after radiopharmaceutical administration.
This characteristic has established 89Zr as an indispensable
radionuclide ~ for  cancer  diagnosis,  pharmacokinetic
investigations,  personalized medicine, and theranostic
applications (Deri et al., 2013; Holland et al., 2009). Accordingly,
substantial research has focused on developing and optimizing
production routes that simultaneously achieve high radionuclidic
purity and satisfactory production yields.

Cyclotron production of 89Zr is commonly performed
using monoisotopic 89Y targets. Because natural yttrium consists
almost entirely of 89Y, target preparation and reaction analysis
are considerably simplified compared with multi-isotopic target
materials. Among the available charged-particle-induced
reactions, the 89Y(p,n)89Zr reaction is the most widely used

1 Asst. Prof. Dr., Kirsehir Ahi Evran University, Vocational School of Health
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production route owing to its relatively low threshold energy and
compatibility with conventional medical cyclotrons. Numerous
experimental investigations have demonstrated that this reaction
provides high production cross sections while maintaining
acceptable radionuclidic purity when an appropriate proton-
energy window is selected (Johnson et al., 1968; Uddin et al.,
2005; Omara et al., 2009). In contrast, the 89Y(d,2n)89Zr
reaction has been proposed as an alternative production route
capable of providing comparable or even higher production yields
under suitable irradiation conditions (Bissem et al., 1980; Uddin
et al., 2007; Lebeda et al., 2015). However, deuteron-induced
reactions involve more complicated reaction mechanisms
because of deuteron breakup, stripping reactions, pre-equilibrium
emission, and compound-nucleus formation, making theoretical
prediction more challenging than for proton-induced reactions.

Reliable prediction of excitation functions is essential for
optimizing irradiation conditions, estimating The TALYS
codeproduction performance, and minimizing radionuclidic
impurities during medical radionuclide production. Modern
nuclear reaction codes provide an efficient theoretical framework
for performing such investigations before experimental
production. Among these codes, TALY'S has become one of the
most widely used tools for calculating excitation functions,
reaction cross sections, radionuclide activities, and production
yields over a broad range of incident particles and target nuclei
(Koning et al., 2023; Koning & Rochman, 2012). Nevertheless,
the accuracy of TALYS calculations depends strongly on the
adopted nuclear models, particularly the nuclear level-density
model governing the statistical decay of the compound nucleus.

Nuclear level density is one of the most influential
quantities in statistical nuclear reaction calculations because it
governs particle-emission probabilities and therefore has a direct
influence on the calculated excitation functions. Among its
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phenomenological formulations, the Constant Temperature
Model (CTM), the Back-Shifted Fermi Gas Model (BSFGM),
and the Generalized Superfluid Model (GSM) are the approaches
most commonly employed for charged-particle-induced reaction
calculations (Gilbert & Cameron, 2011; Ignatyuk et al., 1979).
Although these models have been successfully applied to
numerous nuclear reactions, their predictive performance may
vary depending on the target nucleus, projectile, and reaction
channel. Therefore, systematic comparison of these models using
experimental excitation-function data remains important for
improving the reliability of theoretical production studies.

Another important aspect of theoretical and experimental
89Zr production studies is the definition of the reported reaction
product. TALYS calculates the ground (89gZr) and metastable
(89mZr) states independently, whereas some experimental
datasets reported in the literature correspond to cumulative
production after the isomeric transition of the short-lived
metastable state (Satheesh et al., 2012). Therefore, in addition to
the ground-state excitation functions, total and cumulative
excitation functions were also included in the excitation-function
analysis to enable physically meaningful comparisons with the
available experimental datasets according to their respective
measurement definitions.

Although numerous experimental and theoretical studies
have investigated the two production pathways, most have
primarily focused on reproducing excitation functions or
reporting production yields (Mustafa et al., 1988; Khandaker et
al., 2012; Manenti et al., 2019). Comparatively fewer studies have
systematically assessed the predictive performance of different
level-density models using quantitative statistical criteria while
simultaneously considering both ground, total, and cumulative
excitation functions. Such an evaluation is particularly valuable
because visual agreement alone may not always identify the
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model that most accurately reproduces the available experimental
data.

In the present study, the two medical production routes
were investigated using the TALYS nuclear reaction code with
three phenomenological nuclear level-density models: the CTM,
the BSFGM, and the GSM. Ground-state, total, and cumulative
excitation functions were calculated and compared with the
available experimental datasets. The predictive performance of
each level-density model was quantitatively evaluated using the
root mean square error (RMSE), chi-square (x2), and chi-square
per experimental point (x2/N). Finally, the statistically best-
performing level-density model for each reaction was employed
in the TALYS medical isotope production module to calculate the
total initial production yield (GBg/mAh) as a function of the
incident particle energy for both proton- and deuteron-induced
production routes. This combined evaluation provides a
consistent theoretical framework for comparing the two
production pathways and for identifying the most suitable
modelling approach for medical 89Zr production.

2. METHODS

The theoretical production of 89Zr through the
89Y (p,n)89Zr and 89Y(d,2n)89Zr reactions was investigated
using the TALYS nuclear reaction code. These reactions were
selected because they represent the principal proton- and
deuteron-induced production routes for medical 89Zr and provide
an appropriate basis for comparing different reaction mechanisms
under identical theoretical conditions (Omara et al., 2009; Lebeda
et al., 2015). The 89Y(p,n) reaction proceeds predominantly
through single-neutron emission, whereas the 89Y (d,2n) reaction
involves two-neutron emission together with more complex
reaction mechanisms associated with deuteron interactions.
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The TALYS nuclear reaction code was used as the
computational tool for modelling nuclear reactions induced by
neutral and charged particles in target nuclei with mass numbers
greater than or equal to 12. The code combines optical-model
calculations, direct reactions, pre-equilibrium  emission,
compound-nucleus formation, and statistical decay within a
unified framework, allowing the calculation of excitation
functions, residual radionuclide production cross sections,
activities, and production yields (Koning et al., 2023; Koning &
Rochman, 2012).

All calculations were performed using identical
calculation conditions for the investigated reactions. The
projectile energy was varied over the energy region relevant to
medical cyclotron production, while the nuclear level-density
model was treated as the principal variable in order to evaluate its
influence on the calculated excitation functions.

The statistical decay of the compound nucleus depends
strongly on the nuclear level density, which represents the
number of available nuclear states at a given excitation energy. In
TALYS, the total level density is obtained by summing the
contributions from all spin and parity states,

Pur(B) = ) (B, D W
II1

A commonly adopted analytical description of the level
density is provided by the Fermi-gas model (Gilbert & Cameron,
2011),

Vrexp(2val) _ wp(Ey)

122 al/4U5/6  2mo
where U denotes the effective excitation energy, o is the

spin cut-off parameter, and a is the level-density parameter. To

P (Ex) = ()
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account for shell effects, the excitation-energy-dependent level-
density parameter is expressed as

1 —exp(—yU
a(E,) = d|1+ 6w 5( v0) @A)
where the asymptotic level-density parameter is
a = ad+ BA?/3 4)

In these expressions, OW is the shell-correction energy, y
is the shell-damping parameter, and a and P are global constants
(Ignatyuk et al., 1979).

Three  phenomenological level-density ~ models
implemented in TALYS were investigated in this study: CTM
assumes a constant nuclear temperature at low excitation energies
and gradually merges with the Fermi-gas description at higher
excitation energies. BSFGM employs the Fermi-gas formalism
while accounting for pairing effects through an empirical back-
shift parameter. GSM incorporates pairing correlations based on
the superfluid model and describes the transition from the
superfluid regime at low excitation energies to the normal Fermi-
gas region at higher excitation energies.

These models were selected because they are among the
most widely used phenomenological level-density approaches
available in TALYS and have been extensively applied in
charged-particle-induced reaction calculations (Koning et al.,
2023).

TALYS calculates the production cross sections of the
ground (89gZr) and metastable (89mZr) states independently.
According to the decay data available in the National Nuclear
Data Center (NNDC), 89mZr decays to the ground state through
iIsomeric transition with a branching ratio of 93.77%. Therefore,
cumulative excitation functions were additionally calculated to
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enable direct comparison with cumulative experimental datasets.
The cumulative production cross section was obtained using

Ocum(E) = Gg(E) + by o (E) (5)

where og(E) and om(E) denote the independently
calculated ground-state and metastable-state production cross
sections, respectively, and b,y = 0.9377 is the isomeric-transition
branching ratio of 89mZr adopted from the NNDC decay data
(National Nuclear Data Center, 2025).

Consequently, independent theoretical calculations were
compared with independent experimental datasets, whereas
cumulative theoretical calculations were compared with
cumulative experimental measurements whenever such data were
available.

Experimental excitation-function data for both production
routes were compiled from the EXFOR database together with
the corresponding original publications (Otuka et al., 2014). The
available datasets were used to evaluate the predictive capability
of the investigated level-density models over the entire energy
range considered.

For each experimental data point, the theoretical cross
section was obtained at the corresponding proton energy by
interpolation of the calculated excitation function. The predictive
performance of each level-density model was evaluated using the
root mean square error (RMSE), chi-square (y?), and chi-square
per experimental point (%*>/N). The RMSE was calculated as

N
1
RMSE = NE(G?“C — 7P’ (6)
i=1
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where N is the total number of experimental data points,
and oicalc and ciexp are the calculated and experimental cross
sections, respectively. The chi-square value was calculated as

()

where Aciexp denotes the experimental cross-section
uncertainty. The chi-square value per experimental point was then
obtained from

x NZ [ o expexpr ®)

Lower RMSE, %?, and y*N values indicate closer
agreement between the calculated and experimental excitation
functions.

The activity of the produced radionuclide was calculated
using the medical isotope production formalism implemented in
TALYS (Koning et al., 2023),

A;(t) = NN (D) (8)

where Ni(t) is the number of radioactive nuclei produced
at time t and Ai is the corresponding decay constant.

For thick-target irradiation, the incident particle
continuously loses energy while traversing the target material.
Consequently, the production yield depends not only on the
excitation function but also on the stopping power and the
effective energy interval within the target. The calculated
excitation functions were therefore employed in the TALYS
medical isotope production module to calculate the total initial
production yield over the investigated projectile-energy range.
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After completion of the statistical comparison, the level-
density model exhibiting the lowest RMSE, %2, and x2/N values
was selected for production-yield calculations. The
corresponding excitation functions were subsequently employed
in the TALYS medical isotope production module to calculate the
total initial production yield (GBg/mAh) for both reactions. This
procedure provided a consistent framework for comparing the
excitation functions, statistical model performance, and practical
production capabilities of the two investigated reaction routes.

3. RESULTS

The calculated ground-state, total and cumulative
excitation functions for the 89Y (p,n)89Zr reaction obtained using
the CTM, BSFGM, and GSM level-density models are compared
with the available experimental data in Figure 1. Overall, all three
models reproduce the characteristic shape of the excitation
function, including the reaction threshold, the rapid increase in
cross section, the maximum production region, and the
subsequent decrease at higher proton energies. Nevertheless,
noticeable differences are observed among the investigated level-
density models, particularly in the vicinity of the peak cross-
section region, where the influence of the adopted level-density
description on the statistical decay process becomes more
pronounced.

The quantitative comparison presented in Table 1
provides a clear assessment of the predictive performances of the
investigated level-density models. The statistical indicators
(RMSE, %2 and ¥2/N) demonstrate that the cumulative excitation
functions consistently provide better agreement with the
experimental data than the ground-state calculations. Among all
investigated calculations, the CTM produced the lowest
combined statistical values indicating the best overall agreement
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with the available experimental datasets for the 89Y (p,n)89Zr
reaction. The BSFGM and GSM calculations also reproduced the
experimental excitation functions reasonably well but exhibited
slightly larger statistical deviations.

The calculated excitation functions for the 89Y(d,2n)89Zr
reaction are presented in Figure 2 together with the available
experimental datasets. Similar to the proton-induced reaction, the
three investigated level-density models reproduce the general
behaviour of the experimental excitation functions. However, the
deuteron-induced reaction exhibits a broader excitation-function
profile because of the more complex reaction mechanisms
associated with deuteron interactions, including breakup and pre-
equilibrium emission.

The statistical comparison summarized in Table 2 reveals
a different ranking of the investigated models for the deuteron-
induced reaction. In this case, the BSFGM calculation provides
the closest agreement with the experimental data, yielding the
lowest combined statistical indicators. The GSM calculation
gives comparable results, whereas the CTM calculations produce
larger deviations from the experimental measurements.

The statistical evaluation demonstrates that visual
agreement between calculated and experimental excitation
functions alone is insufficient for selecting the most appropriate
nuclear level-density model. Although the excitation functions
calculated using the CTM, BSFGM and GSM exhibit similar
overall trends, quantitative statistical analysis clearly
differentiates their predictive performances. RMSE provides a
direct measure of the average deviation between calculated and
experimental cross sections, whereas x2 and x2/N additionally
account for the overall distribution of deviations throughout the
complete experimental dataset. Therefore, simultaneous
evaluation of these statistical indicators provides a substantially

10
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more reliable basis for model selection than qualitative inspection
of excitation-function plots alone.

The statistical results further demonstrate that the
optimum level-density model depends on the reaction channel
rather than a single universal model. For the proton-induced
89Y (p,n)89Zr reaction, the CTM calculation provides the best
overall description of the experimental data, whereas for the
deuteron-induced 89Y(d,2n)89Zr reaction, the BSFGM
calculation exhibits the highest predictive accuracy. These results
indicate that reaction-specific statistical validation is essential for
reliable theoretical modelling of medical radionuclide production.

Based on these statistical results, the CTM was employed
in the TALYS medical isotope production module to calculate the
total initial production yield (GBg/mAh) for the 89Y (p,n)89Zr
reaction, whereas the BSFGM was adopted for the corresponding
calculations of the total initial production yield for the
89Y (d,2n)89Zr reaction. The calculated total initial production
yields are presented in Figure 3. For both production routes, the
total initial production yield increases with incident particle
energy until reaching the optimum energy region and
subsequently decreases as the excitation function declines at
higher energies. Consequently, the total initial production yield
curves closely follow the behaviour of the corresponding
excitation functions and provide practical guidance for selecting
the optimum irradiation energy for routine cyclotron production
of 89Zr.

11
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Table 1. Statistical comparison (RMSE and %%*/N) of the
investigated level-density models for the 89Y(p,n)89Zr reaction.
Lower statistical values indicate better agreement between the
calculated and experimental excitation functions. (N=89
experimental data points)

Model RMSE (mb) 1 v’IN
CTM-Cumulative 64.2312 1395.31 15.6776
BSFGM-Cumulative 76.4395 1440.31 16.1832
GSM-Cumulative 79.5147 1474.16 16.5636
CTM-Total 72.432 1573.79 17.683
GSM-Total 90.3357 1728.80 19.4248
BSFGM-Total 87.42 1788.21 20.0922

Table 2. Statistical comparison (RMSE and %2/N) of the
investigated level-density models for the 89Y(d,2n)89Zr reaction.
Lower statistical values indicate better agreement between the
calculated and experimental excitation functions. (N=47
experimental data points)

Model RMSE (mb) N $*IN
BSFGM-Cumulative 40.005 387.142 8.23706
BSFGM-Total 40.891 400.567 8.5227
GSM-Cumulative 42.8694 407.396 8.66799
GSM-Total 48.4384 428.127 9.12067
CTM-Cumulative 54.3972 438.127 9.32186
CTM-Total 53.739 449.357 9.56078

12
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Fig. 1. Calculated ground-state, total, and cumulative excitation
functions for the 89Y(p,n)89Zr reaction obtained using the CTM,
BSFGM, and GSM level-density models, compared with the
available experimental data.
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Fig. 2. Calculated ground-state, total, and cumulative excitation
functions for the 89Y(d,2n)89Zr reaction obtained using the CTM,
BSFGM, and GSM level-density models, compared with the
available experimental data.
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Fig. 3. Calculated total initial production yield of 89Zr as a
function of projectile energy for the 89Y(p,n)89Zr reaction.
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function of projectile energy for the 89Y(d,2n)89Zr reaction.
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COMPARATIVE TALYS ANALYSIS OF
MEDICAL 1201 PRODUCTION VIA THE
120Te(p,n) AND 122Te(p,3n) REACTIONS

Murat DAG!

1. INTRODUCTION

1201 is a positron-emitting radioiodine isotope that has
attracted considerable interest in nuclear medicine because its
physical decay characteristics are well suited for PET. Its half-life
allows efficient imaging of rapidly evolving biological processes,
while the chemical properties of iodine facilitate its incorporation
into biologically active molecules and radiopharmaceutical
compounds. Consequently, ground-state 1201 has emerged as a
promising radionuclide for short-duration PET imaging,
pharmacokinetic investigations, and the development of
radioiodine-labelled tracers (Herzog et al., 2006; Qaim et al.,
2011).

The medical importance of ground-state 1201 is closely
associated with its favourable decay characteristics and its
applicability to quantitative PET imaging. Early investigations
established the fundamental nuclear properties of iodine and
xenon isotopes around mass number 120(Butement & Qaim,
1965), whereas subsequent studies provided accurate decay data
and positron-emission intensities required for reliable activity
determination and quantitative PET applications (Hohn et al.,
2000). These studies have established the nuclear data required

1 Asst. Prof. Dr., Kirsehir Ahi Evran University, Vocational School of Health
Services, Department of Medical Services and Techniques, ORCID: 0000-0002-
0503-6067.
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for both theoretical production calculations and practical medical
applications of ground-state 120I.

Cyclotron production of ground-state 1201 is commonly
performed using enriched tellurium targets. Among the available
proton-induced production routes, the 120Te(p,n)1201 reaction is
the most widely investigated because of its relatively low
threshold energy and compatibility with conventional medical
cyclotrons (Hohn et al., 1998a). In contrast, the 122Te(p,3n)120I
reaction represents an alternative production route that requires
substantially higher proton energies owing to the emission of
three neutrons but is capable of providing higher production
yields under suitable irradiation conditions (Hohn et al., 1998b).
Experimental investigations have demonstrated that both
reactions are feasible production routes, although they differ
considerably in terms of optimum proton-energy window,
production yield, and radionuclidic purity (Qaim et al., 2003; El-
Azony et al., 2008).

Reliable prediction of excitation functions is essential for
optimizing irradiation conditions, estimating production
performance, and maximizing the practical production of medical
radionuclides before experimental irradiation. Modern nuclear
reaction codes provide an efficient theoretical framework for
performing such investigations. Among these codes, TALY'S has
become one of the most widely used computational tools for
calculating excitation functions, reaction cross sections,
radionuclide activities, and production yields over a broad range
of target nuclei and incident particles (Koning et al., 2023;
Koning & Rochman, 2012). Nevertheless, the predictive
capability of TALYS calculations depends strongly on the
adopted nuclear models, particularly the nuclear level-density
model governing the statistical decay of the compound nucleus.
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Nuclear level density is one of the most influential
quantities in statistical nuclear reaction calculations because it
governs particle-emission probabilities and therefore directly
affects the calculated excitation functions. Among the
phenomenological formulations, the Constant Temperature
Model (CTM), the Back-Shifted Fermi Gas Model (BSFGM),
and the Generalized Superfluid Model (GSM) are the approaches
most frequently employed for charged-particle-induced reaction
calculations (Gilbert & Cameron, 1965; Ignatyuk et al., 1979).
Although these models have been successfully applied to
numerous medical radionuclide production studies, their
predictive performance may vary depending on the target nucleus
and reaction channel. Consequently, systematic comparison of
these models using available experimental excitation-function
data remains important for improving the reliability of theoretical
production calculations.

Although numerous experimental and theoretical
investigations have examined both proton-induced production
routes leading to ground-state '2°I, most studies have primarily
focused on reproducing excitation functions, determining
maximum cross sections, or reporting activity and production
yields (Sudar et al., 2000; Qaim et al., 2003). Comparatively
fewer studies have systematically assessed the predictive
performance of different level-density models using quantitative
statistical criteria while simultaneously comparing both
production routes within a common theoretical framework. Such
an evaluation is particularly valuable because visual agreement
alone may not always identify the model that most accurately
reproduces the available experimental data.

In the present study, the principal proton-induced
production pathways for ground-state 2°I were investigated using
the TALYS nuclear reaction code with three phenomenological
nuclear level-density models: CTM, BSFGM, and GSM. Ground-

21



Fizik Alaninda Giincel Konular ve Akademik Degerlendirmeler

state excitation functions were calculated and compared with the
available experimental datasets. The predictive performance of
each level-density model was quantitatively evaluated using the
root mean square error (RMSE), chi-square (3?), and chi-square
per experimental point (¥*/N). Finally, the statistically best-
performing level-density model for each reaction was employed
in the TALYS medical isotope production module to calculate the
activity and the initial production yield of ground-state 1201 as a
function of the incident proton energy. This combined evaluation
provides a consistent theoretical framework for comparing the
two production routes and for identifying the most suitable
modelling approach for theoretical production of ground-state
1201.

2. METHODS

The theoretical production of ground-state '°I via two
proton-induced tellurium reaction pathways was investigated
using the TALYS nuclear reaction code. These reactions were
selected because they represent the principal low- and high-
energy proton-induced production routes for ground-state 120l
and provide an appropriate basis for comparing different reaction
mechanisms under identical theoretical conditions (Hohn et al.,
1998a; Hohn et al., 1998b). The 120Te(p,n) reaction proceeds
predominantly through single-neutron emission, whereas the
122Te(p,3n) reaction involves three-neutron emission and
therefore requires substantially higher incident proton energies.

The TALYS nuclear reaction code was employed as the
computational tool for modelling proton-induced nuclear
reactions in tellurium targets. The code combines optical-model
calculations, direct reactions, pre-equilibrium  emission,
compound-nucleus formation, and statistical decay within a
unified theoretical framework, allowing the calculation of
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excitation functions, residual radionuclide production cross
sections, radionuclide activities, and production yields over a
broad range of target nuclei with mass numbers greater than or
equal to 12 (Koning et al., 2023; Koning & Rochman, 2012).

All calculations were performed under identical
computational conditions for the two investigated reactions. The
incident proton energy was varied over the energy region relevant
to medical cyclotron production, whereas the nuclear level-
density model was treated as the principal variable in order to
evaluate its influence on the calculated excitation functions.

For each production route, ground-state excitation
functions were calculated as a function of incident proton energy.
These calculations were used to determine the reaction-threshold
behaviour, the energy dependence of ground-state 120l
formation, the maximum production cross section, and the proton
energy corresponding to this maximum. Comparison of the two
excitation functions provided a common theoretical basis for
evaluating the low-energy single-neutron and high-energy three-
neutron production routes.

A central component of the theoretical calculations is the
treatment of nuclear level density. In TALYS, the level density
p(Ex,J,IT) represents the number of nuclear levels per unit energy
interval at excitation energy Ex for spin J and parity I1. The total
level density is obtained by summing the contributions from all
spin and parity states,

ptot(Ex) = Z],I'[ P(Ex'], H) (1)

A commonly adopted analytical description of the level
density is provided by the Fermi-gas model (Gilbert & Cameron,
1965),
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where U denotes the effective excitation energy, o is the spin cut-
off parameter, and a is the level-density parameter. In early
formulations, the level-density parameter was generally treated as
energy independent. To account for shell effects, Ignatyuk and
co-workers introduced an excitation-energy-dependent level-
density parameter expressed as

1—exp(—yU
a(E) = d|1+ 6w 5( v0) @3)
where the asymptotic level-density parameter is
a = ad + BA?/3, (4)

In these expressions, OW is the shell-correction energy, y
is the shell-damping parameter, and o and 3 are global constants
adjusted to reproduce average level-density systematics
(Ignatyuk et al., 1979).

Three  phenomenological level-density ~ models
implemented in TALYS were investigated in this study: CTM,
BSFGM, and GSM. CTM assumes a constant nuclear
temperature at low excitation energies and connects this region to
a Fermi-gas description above a matching energy. The BSFGM
applies the Fermi-gas formalism while accounting for pairing
effects through an empirical back-shift parameter. The GSM
incorporates pairing correlations based on the superfluid model
and describes the transition from the superfluid regime at low
excitation energies to the normal Fermi-gas region at higher
excitation energies.
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These models were selected because they are among the
most widely used phenomenological level-density approaches
available in TALYS and have been extensively applied in
charged-particle-induced reaction calculations. Their comparison
makes it possible to evaluate the sensitivity of the calculated
ground-state 1201 excitation functions to the adopted statistical
description of compound-nucleus decay.

Experimental ground-state excitation-function data for
both investigated production routes were compiled from the
EXFOR database together with the corresponding original
publications (Otuka et al, 2014). Only experimental
measurements explicitly associated with the ground-state
production of 1201 were included in the statistical comparison.
The available datasets were used to evaluate the predictive
capability of CTM, BSFGM, and GSM calculations over the
investigated proton-energy ranges.

For each experimental data point, the theoretical cross
section was obtained at the corresponding proton energy by
interpolation of the calculated excitation function. The predictive
performance of each level-density model was evaluated using the
root mean square error (RMSE), chi-square (y?), and chi-square
per experimental point (%2>/N). The RMSE was calculated as

N

1
RMSE = NE(G?“C — ™)’ (5)

i=1
where N is the total number of experimental data points, and

oicalc and oiexp are the calculated and experimental cross
sections, respectively. The chi-square value was calculated as
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N 1 exp
R ©
_ AcS™®

where Aciexp denotes  the  experimental  cross-section
uncertainty. The chi-square value per experimental point was then
obtained from

X _ 1 N o.lgalc _ Gpr 2 .
N NL| 2™ )

Lower RMSE, %% and y*N values indicate closer
agreement between the calculated and experimental excitation
functions.

The activity of ground-state 1201 was calculated using the
medical isotope production formalism implemented in TALYS
(Koning et al., 2023). In this formalism, the number of produced
radioactive nuclei is followed during irradiation by considering
both continuous radionuclide production and radioactive decay.
The activity of radionuclide i at time t is expressed as

A (1) = AN(D) (8)

where Ni(t) is the number of radioactive nuclei present at time t
and A i1s the corresponding decay constant. The calculated
activity—time curves were used to describe the build-up of
ground-state 1201 during irradiation and its gradual approach to
saturation.

For thick-target irradiation, the incident proton
continuously loses energy while traversing the enriched tellurium
target. Consequently, the production yield depends not only on
the magnitude of the excitation function but also on the stopping
power of the target material and the effective proton-energy
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interval within the target. The calculated ground-state excitation
functions were therefore employed in the TALYS medical
isotope production module to determine the initial production
yield of ground-state 1201 as a function of incident proton energy.

The initial production yield was expressed in GBg/mAh
and was evaluated over the investigated proton-energy range for
each reaction. This quantity represents the activity produced per
unit integrated beam current under the adopted TALYS
production conditions and provides a practical measure for
comparing the production capabilities of the low-energy
120Te(p,n) and high-energy 122Te(p,3n) routes.

After completion of the statistical comparison, the level-
density model exhibiting the lowest RMSE, %% and ¥*N values
for each reaction was selected for the subsequent activity and
initial-production-yield calculations. The corresponding ground-
state excitation functions were used to calculate the activity as a
function of irradiation time and the initial production yield as a
function of incident proton energy. This procedure provided a
consistent framework for comparing the excitation functions,
statistical model performance, activity behaviour, and practical
production capabilities of the two investigated ground-state 1201
production routes.

3. RESULTS

The calculated excitation functions for the '*°Te(p,n)'*’l
reaction obtained using CTM, BSFGM, and GSM level-density
models are compared with the available experimental data in
Figure 1. Overall, all three models reproduce the characteristic
shape of the excitation function, including the reaction threshold,
the rapid increase in cross section, the maximum production
region, and the subsequent decrease at higher proton energies.
Nevertheless, noticeable differences are observed among the
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investigated level-density models, particularly in the vicinity of
the peak cross-section region, where the influence of the adopted
level-density description on the statistical decay process becomes
more pronounced.

The quantitative comparison presented in Table 1
provides a clear assessment of the predictive performances of the
investigated level-density models. The statistical indicators
(RMSE, y? and ¥*/N) demonstrate that CTM calculation provides
the best overall agreement with the available experimental
datasets for the '*°Te(p,n)'*’I reaction. The BSFGM and GSM
calculations also reproduce the experimental excitation function
reasonably well but exhibit larger statistical deviations from the
experimental measurements. Overall, the statistical analysis
indicates that CTM offers the most reliable theoretical description
of the available experimental data for this reaction.

The calculated excitation functions for the '**Te(p,3n)"*°l
reaction are presented in Figure 2 together with the available
experimental datasets. Similar to the *°Te(p,n)'*°l reaction, the
three investigated level-density models reproduce the general
behaviour of the experimental excitation function over the
investigated proton-energy range. However, the '*Te(p,3n)'*°1
reaction exhibits a broader excitation-function profile because of
its higher reaction threshold and the emission of three neutrons.
Small differences among the investigated models become more
apparent around the maximum cross-section region, reflecting the
sensitivity of the statistical decay calculations to the adopted
level-density description.

The statistical comparison summarized in Table 2 reveals
that CTM calculation again provides the closest agreement with
the available experimental data. Among the investigated level-
density models, CTM yields the lowest RMSE, ¥* and ¥*/N
values, indicating the highest predictive performance for the
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22Te(p,3n)'*°I reaction. The BSFGM and GSM calculations also
reproduce the overall behaviour of the excitation function but
exhibit progressively larger statistical deviations throughout the
experimental energy range.

The statistical evaluation demonstrates that visual
agreement between calculated and experimental excitation
functions alone is insufficient for selecting the most appropriate
nuclear level-density model. Although the excitation functions
calculated using CTM, BSFGM and GSM exhibit similar overall
trends for both investigated reactions, quantitative statistical
analysis clearly differentiates their predictive performances.
RMSE provides a direct measure of the average deviation
between calculated and experimental cross sections, whereas x>
and ¥*/N additionally account for the overall distribution of
deviations throughout the complete experimental dataset.
Therefore, simultaneous evaluation of these statistical indicators
provides a substantially more reliable basis for model selection
than qualitative inspection of excitation-function plots alone.

Although CTM provides the best overall statistical
performance for both investigated production routes, the relative
differences among the three level-density models are not identical
for the two reactions. For the '°Te(p,n) route, all investigated
models produce comparatively similar RMSE values, indicating
that each model reproduces the measured excitation function with
a similar average deviation. In contrast, the ¥*> and y*N values
exhibit a clearer separation, demonstrating that CTM achieves a
more consistent description over the entire experimental energy
range rather than only around the maximum cross section. A
different behaviour is observed for the 122Te(p,3n) route, where
the statistical differences between the models become
considerably larger. This increased separation indicates that the
predictive capability of the calculations is more sensitive to the
adopted level-density description for the higher-energy reaction
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channel, making model selection substantially more influential
for reliable theoretical predictions.

The statistical results further demonstrate that CTM
consistently provides the best overall agreement with the
available experimental data for both investigated production
routes. These findings indicate that the Constant Temperature
Model provides the most suitable level-density description among
the investigated models for theoretical calculations of both
proton-induced production routes leading to ground-state '2°1.

Based on these statistical results, CTM was employed in
the TALYS medical isotope production module to calculate the
activity and the initial production yield (GBg/mAh) of ground-
state '2° for both investigated reaction channels. The calculated
initial production yields of ground-state '*°I are presented in
Figures 3 and 4. For both production routes, the initial production
yield increases with incident proton energy until reaching the
optimum energy region and subsequently decreases as the
excitation function declines at higher energies. Consequently, the
calculated initial production yield curves closely follow the
behaviour of the corresponding excitation functions and provide
practical guidance for selecting the optimum irradiation energy
for the routine cyclotron production of ground-state 2°I.

The marked difference between the statistical values
obtained for the two target isotopes shows that the quality of
model reproduction is strongly dependent on the reaction channel.
For the lower-energy route, the three calculations remain
relatively close to one another and to the experimental
measurements, as reflected by the comparatively small RMSE
values. In contrast, the high-energy three-neutron channel
displays substantially larger discrepancies, particularly in the
peak region, where the measured cross sections exceed the
calculated curves. This behaviour suggests that the description of

30



Fizik Alaninda Giincel Konular ve Akademik Degerlendirmeler

multi-neutron emission is more demanding than that of the single-
neutron channel and that level-density selection alone cannot
account for the entire difference between calculation and
experiment.

The vyield curves further distinguish the practical
behaviour of the two routes. Production from the '*°Te target rises
rapidly within the lower proton-energy region and then increases
more gradually, whereas irradiation of 22Te requires a higher
incident energy before a comparable rise in yield is observed. The
latter route ultimately reaches a larger calculated production
level, but this advantage is accompanied by the need for a higher-
energy proton beam. Accordingly, the choice between the two
pathways should not be based solely on the maximum calculated
yield; accelerator capability, target enrichment, usable energy
range, and the required production scale should also be
considered when planning ground-state '2°I production.

Table 1. Statistical comparison (RMSE and %%/N) of the
investigated level-density models for the 120Te(p,n)1201 reaction.
Lower statistical values indicate better agreement between the
calculated and experimental excitation functions. (N=40
experimental data points)

Model RMSE (mb) 1 ¥’IN
CT™M 11.0676 89.217 2.23043

BSFGM 10.7995 109.929 2.74823
GSM 11.7242 142.685 3.56712
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Table 2. Statistical comparison (RMSE and %2/N) of the
investigated level-density models for the 122Te(p,3n)1201 reaction.
Lower statistical values indicate better agreement between the
calculated and experimental excitation functions. (N=13
experimental data points)

Model RMSE (mb) x° ¥’IN

CTM 186.671 152.283 11.7141
BSFGM 196.778 174.405 13.4158

GSM 206.635 189.61 14.5853

— CTM = (53--120-C} @ RT. Giray et al., 2009 (53--120-G)

—— BSFGM - (53--120-G) AHohn et al,, 1898 {53-1-120-G]
—— GSM- (53-1-120-G]
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20 40 &0 80 100
Projectile energy (Mev)

Fig. 1. Calculated ground-state excitation functions for the
120Te(p,n)1201(ground) reaction obtained using CTM, BSFGM,
and GSM level-density models, compared with the available
experimental data.
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Fig. 2. Calculated ground-state excitation functions for the
122Te(p,3n)120I reaction obtained using CTM, BSFGM, and
GSM level-density models, compared with the available
experimental data.
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Fig. 3. Calculated initial production yield of ground state of 1201
as a function of projectile energy for the 120Te(p,n)120I reaction.
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Fig. 4. Calculated initial production yield of ground state of 1201
as a function of projectile energy for the 122Te(p,3n)1201
reaction.
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BaO KATKILI PLA KOMPOZITLERININ
RADYASYON ZIRHLAMA OZELLIKLERININ
XCOM VE Phy-X/PSD iLE iNCELENMESI

Seda ERDONMEZ!

1. GIRIS

Radyasyon, elektromanyetik dalga veya parcacik
biciminde enerjinin yayilmasi ya da aktarilmasidir. Radyasyon,
maddeyi iyonlastirma yetene§ine gore iyonlagtirict ve
iyonlastirict olmayan radyasyon olmak tizere iki temel kategoriye
ayrilabilir. Iyonlastiric1 olmayan radyasyon, etkilestigi atom veya
molekiillerden elektron kopararak iyonlagsmaya neden olacak
kadar yiliksek enerjiye sahip degildir. Radyo dalgalarn,
mikrodalgalar, kizilotesi 1ginlar, goriiniir 151k ve morotesi 15181n
biiyiik bolimii iyonlastirici olmayan radyasyon grubunda yer
almaktadir. Madde ile etkilesimi sonucunda dogrudan veya
dolayli olarak iyonlasmaya neden olabilecek yeterli enerjiye
sahip radyasyon tiirleri ise iyonlastirict radyasyon olarak
adlandirilmaktadir. X-1sinlar1 ve gama 1sinlar ile alfa ve beta
pargaciklar1 ve ndtronlar iyonlastirici radyasyon tiirleri arasinda
yer almaktadir (Little, 2003; More, Alsayed, Badawi, Thabet, &
Pawar, 2021; Uosif, 2014).

Iyonlastiric1 radyasyonun insan saghig iizerindeki etkileri
uzun yillardir bilinmektedir. Wilhelm Rontgen tarafindan 1895
yilinda X-igmlarinin kesfedilmesinden kisa bir siire sonra, X-
isinlarina maruz kalan bireylerde cilt yaniklart ve radyasyona
bagli diger deri hasarlar1 rapor edilmistir. Takip eden yillarda ise

1 Dr Ogr. Uyesi, Istanbul Gelisim Universitesi, Miihendislik ve Mimarlik Fakiiltesi,

Ingaat Miihendisligi B&liimii, ORCID: 0000-0002-7167-7276
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radyasyon maruziyetine bagh cilt kanseri vakalar1 bildirilmistir
(Little, 2003) . Giinlimiizde iyonlastirict radyasyonun DNA
hasari, kalitsal etkiler, doku ve organ hasari ile kanser riskinde
artig gibi cesitli saglik sorunlarina yol agabilecegi bilinmektedir
(Christensen, lddins, & Sugarman, 2014; Little, 2003; Ron,
1998). Iyonlastirici radyasyonun zararli etkilerinden korunmada
kullanilan temel yontemlerden biri uygun radyasyon zirhlayici
malzemelerin  kullanilmasidir. Kursun ve beton, yiiksek
radyasyon zayiflatma oOzellikleri nedeniyle uzun yillardir
zithlama amaciyla yaygm olarak kullanilmaktadir. Bununla
birlikte, kursunun yiiksek yogunlugu ve toksik yapisi, betonun ise
yiiksek agirhigit ve hacimli yapisi kullanim acgisindan ¢esitli
dezavantajlar olusturmaktadir (Al-Buriahi et al., 2021). Bu
nedenle aragtirmacilar, geleneksel zirhlayici malzemelere
alternatif olabilecek daha hafif, toksik olmayan ve kolay
islenebilir malzemelerin gelistirilmesine yonelik caligmalar
yuritmektedir.

Polimerler; diisiik yogunluklari, diisiik iretim maliyetleri,
kolay islenebilirlikleri ve farkl geometrilerde
sekillendirilebilmeleri gibi avantajlar1 nedeniyle kursun esash
geleneksel malzemelere alternatif olabilecek radyasyon zirhlayici
malzeme adaylar1 arasinda yer almaktadir. Bununla birlikte,
polimerlerin yapisinda ¢ogunlukla diisiik atom numaral
elementlerin bulunmasi1 nedeniyle katkisiz halde radyasyon
zayiflatma performanslar1 genellikle sinirlidir. Bu nedenle
polimerlerin radyasyon zirhlama performanslarinin gelistirilmesi
amaciyla yiiksek atom numarasina sahip elementler veya bu
elementlerin bilesikleri polimer matrislere katki maddesi olarak
ilave edilmektedir (Ambika, Nagaiah, & Prashantha, 2020).

Bilimsel literatiir incelendiginde, farkli  polimer
matrislerin radyasyon zirhlama o6zelliklerinin  gelistirilmesi
amaciyla c¢esitli katki maddeleri ile modifiye edildigi
gorilmektedir. Epoksi (R. Li etal., 2017) , polivinil alkol (PVA)
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(Hosseini, Malekie, & Kazemi, 2022) , diisik yogunluklu
polietilen (LDPE) (Alshahri et al., 2021) , yiiksek yogunluklu
polietilen (HDPE) (El-Sayed Abdo, Ali, & Ismail, 2003) ,
politretan (PU) (Knott et al., 2023) , polikarbonat (PC) (Mirji &
Lobo, 2020), polietilen tereftalat (PET) (Aygin & Alma, 2020),
polistiren (PS) (Jaiyen, Phunpueok, & Thongpool, 2019) ,
polimetil metakrilat (PMMA) (Z. Li et al., 2016) , polivinil klortr
(PVC) (Gholamzadeh, Sharghi, & Aminian, 2022)
polivinilpirolidon (PVP) (Abdali, 2022) ve polipropilen (PP)
(Ekinci et al.,, 2022) bu amagla arastirilan polimerlerden
bazilaridir. Bunun yani sira tungsten (Hosseini et al., 2022) ,
bizmut (Alshahri et al., 2021) , baryum (Jaiyen et al., 2019) ,
antimon (Sayyed, Tekin, Altunsoy, Obaid, & Almatari, 2018) ,
seryum (Yalcin, Aktas, & Yilmaz, 2019) ve gadolinyum (R. Li
et al., 2017) gibi yiiksek atom numarali elementler ve bunlarin
bilesikleri, radyasyon =zayiflatma performansmi artirmak
amactyla polimer matrislerde  katki maddesi  olarak
kullanilmaktadir.

Ormnegin Kili¢ ve ark., PbO ve BaO ile katkilandirilmis
epoksi reginelerin gama 1sm1 zirhlama performanslarmi Nal(Tl)
dedektorii ve dar 15 geometrisine sahip deneysel bir 6l¢iim
sistemi kullanarak arastirmiglardir (Kilig, Ergin, Karabul, &
Giiven Ozdemir, 2019). Calismada kiitle azaltma katsayisi, yari
deger kalinligi, onda bir deger kalinlig1 ve ortalama serbest yol
gibi radyasyon zirhlama parametreleri degerlendirilmistir. Ay
katki oranlarinda PbO ve BaO igeren epoksi kompozitler
karsilastirildiginda, PbO iceren kompozitlerin kitle azaltma
katsayilarmin BaO iceren kompozitlere gére daha yiiksek oldugu
belirlenmistir. Bununla birlikte, BaO i¢eren kompozitler arasinda
en yiiksek BaO oranina sahip Epoksi/%40 BaO kompozitinin 81
ve 356 keV foton enerjilerindeki kitle azaltma katsayilarinin
celik, tugla, ¢cimento, beton ve Epoksi/Gd-0s kompozitlerinden
daha yiiksek oldugu bildirilmistir. Bagka bir ¢alismada Beyazay
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ve ark., PCz/BaO nanokompozitlerinin iyonlastirici radyasyon
zithlama performanslarin1 deneysel yontemler ve WinXCom
kullanarak incelemis ve en yiiksek BaO katki oranina sahip
kompozitin 6zellikle 81 keV foton enerjisinde en yiiksek zirhlama
performansmi gosterdigini belirlemislerdir (Beyazay, Karabul,
Korkut, Kilig, & Ozdemir, 2022).

Bu calismada PLA esashi BaO katkili kompozitlerin
radyasyon zirhlama performanslarinin teorik olarak incelenmesi
amaclanmistir. Polilaktik asit (PLA) kompozitlerin matris
bileseni olarak, BaO ise yapisinda yiiksek atom numarasina sahip
baryum (Z = 56) bulundurmasi nedeniyle katki maddesi olarak
secilmistir. Bu amagla agirlikca %5, %10 ve %20 BaO igerecek
sekilde PLA esasli kompozit bilesimleri tasarlanmistir. Bu
yapilarin radyasyon zirhlama parametreleri XCOM ve Phy-
X/PSD  hesaplama araglart  kullanilarak  teorik  olarak
belirlenmistir. Elde edilen sonuglar tizerinden BaO katk1 oraninin
kompozitlerin radyasyon zirhlama parametreleri izerindeki etkisi
degerlendirilmistir.

2. MATERYAL VE METOT

PLA/BaO  kompozitlerinin ~ radyasyon  zirhlama
ozelliklerinin degerlendirilmesi amaciyla kiitle azaltma katsayisi
(Mass attenuation coefficient, MAC), lineer azaltma katsayisi
(Linear attenuation coefficient, LAC), yar1 deger kalinlig1 (Half
value layer, HVL) ve etkin atom numarasi (Zet) incelenmistir. Bu
kapsamda kompozitlerin kiitle azaltma katsayilart XCOM ile 1
keV-100 GeV enerji araliginda hesaplanmis ve elde edilen MAC
degerleri kullanilarak LAC, HVL ve Zew degerleri belirlenmistir.
Ayrica, ayni parametreler Phy-X/PSD hesaplama araci ile de
hesaplanmistir. Hesaplamalarda kullanilan saf PLA ve farkli
oranlarda BaO iceren PLA/BaO kompozitlerinin elementel
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agirhik fraksiyonlar: ile teorik olarak hesaplanan yogunluklar
Tablo 1’de verilmistir.

Tablo 1. Saf PLA ve PLA/BaO kompozitlerinin elementel agirhk
fraksiyonlar: ve yogunluklari

Ornek H C 0 Ba Yogunluk (g/cm®)
PLA 0,05595 0,49999 0,44405 - 1,20
PLA-5Ba 0,05316 0,47499 0,42707 0,04478 1,28
PLA-10Ba 0,05036 0,45000 0,41008 0,08957 1,35
PLA-20Ba 0,04476 0,40000 0,37611 0,17913 1,54

2.1. Radyasyon Zirhlama Parametreleri

Beer-Lambert yasasina gore, dar ve monoenerjetik bir
foton demeti zirhlayici bir malzemeden gegtiginde 1s1n1m siddeti,
malzeme kalinligina bagl olarak iistel bicimde azalmaktadir. Bu
iliski Denklem 1 ile ifade edilmektedir.

[ =Ie (1)

Burada lp malzemeye gelen baslangi¢ 1simim siddetini, I
malzemeden gegen 1smim siddetini, x malzeme kalinligini ve p
lineer azaltma katsayisini ifade etmektedir. Lineer azaltma
katsayisi, bir fotonun birim yol uzunlugu basina malzeme ile
etkilesme olasiligmi ifade eden ve malzemenin radyasyon
zayiflatma performansiin degerlendirilmesinde kullanilan temel
parametrelerden biridir. Lineer azaltma katsayisinin malzeme
yogunluguna boliinmesiyle kiitle azaltma katsayisi (MAC) elde
edilir (Denklem 2) (Gurler & Akar Tarim, 2012).

MAC = %(cng‘l) )
Burada MAC kiitle azaltma katsayisini, u lineer azaltma

katsayisint ve p zirhlayict malzemenin yogunlugunu ifade
etmektedir.

Yart deger kalinhigi (HVL), gelen foton isiniminin
siddetini baglangi¢c degerinin yarisina diisiirmek i¢in gerekli
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zirhlayict malzeme kalinligi olarak tanimlanmaktadir. HVL
degeri lineer azaltma katsayisina bagli olarak Denklem 3 ile
hesaplanmaktadir (Akkas, 2016).

HVL =2 €)
y7i
Diisitk HVL degerleri, foton siddetinin daha kii¢lik bir
malzeme kalinliginda yartya indirilebildigini ve dolayisiyla
malzemenin daha yiiksek radyasyon zayiflatma performansma
sahip oldugunu gdstermektedir.

Farkli elementlerden olusan bilesik ve kompozit
malzemelerin radyasyon zirhlama Ozelliklerinin
degerlendirilmesinde etkin atom numarast (Zet)
kullanilmaktadir. Etkin atom numarasi, ¢ok elementli bir
malzemenin radyasyonla etkilesim davranisini tek bir esdeger
atom numarast ile ifade eden bir parametredir. Zew degeri
malzemenin elementel bilesimine ve foton enerjisine bagl olarak
degisebilmektedir ve interpolasyon yontemi kullanilarak
Denklem 4 ile hesaplanabilmektedir (Levet & Ozdemir, 2017;
Singh, Badiger, & Kucuk, 2014).

7 = Z1(logoz—logoetk)+Z2(logoeti—logo1) (4)
etk logo,—logoq

Burada cet, incelenen malzemenin toplam atomik tesir
kesitini; o1 ve o2, cetk degerini gevreleyen elementlere ait atomik
tesir kesitlerini; Z1 ve Z» ise bu elementlerin atom numaralarini
ifade etmektedir. Malzemenin toplam atomik tesir kesiti (cet),
kiitle azaltma katsayisindan Denklem 5  kullanilarak
hesaplanabilir.

Ooyy, = Ly malzeme (5)

Burada wi, malzemeyi olusturan i. elementin agirlik
fraksiyonunu, A i. elementin atomik kutlesini ve Na Avogadro
sabitini ifade etmektedir (Caglar et al., 2019).
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2.2. XCOM ve Phy-X/PSD Hesaplamalari

Bu c¢alismada PLA ve PLA/BaO kompozitlerinin
radyasyon  zirhlama  parametrelerinin  teorik  olarak
belirlenmesinde NIST XCOM veri tabant ve Phy-X/PSD
cevrimici hesaplama yazilimi kullanilmustir.

XCOM (Photon Cross Sections Database), Berger ve
Hubbell tarafindan gelistirilen ve National Institute of Standards
and Technology (NIST) tarafindan sunulan bir foton etkilesim
veri tabanidir (Berger & Hubbell, 1987; Gerward, Guilbert,
Jensen, & Levring, 2004). XCOM kullanilarak element, bilesik
ve kangimlar i¢in 1 keV-100 GeV foton enerji araliginda
koherent ve inkoherent sagilma, fotoelektrik sogurma ve ¢ift
olusumu gibi temel foton etkilesimlerine ait tesir kesitleri ile
toplam kiitle azaltma katsayilar1 hesaplanabilmektedir. Bilesik ve
karigimlarin kiitle azaltma katsayilari, karisim kuralina gore
Denklem 6 kullanilarak belirlenmektedir.

(MAC)maizeme = Z? w;(MAC); (6)

Burada (wi), malzemeyi olusturan i. elementin agirlik
fraksiyonunu, (MAC); ise i. elementin ilgili foton enerjisindeki
kiitle azaltma katsayisini ifade etmektedir.

Phy-X/PSD (Photon Shielding and Dosimetry), Sakar ve
ark. tarafindan radyasyon zirhlama ve dozimetri parametrelerinin
hesaplanmas1 amaciyla gelistirilen c¢evrimi¢i bir hesaplama
yazihmudir (Sakar, Ozpolat, Alm, Sayyed, & Kurudirek, 2020).
Phy-X/PSD ile kiitle ve lineer azaltma katsayilarinin yani sira yari
deger kalinlig1 (HVL), onda bir deger kalinlig1 (TVL), ortalama
serbest yol (MFP), etkin atom numarasi (Zew) Ve etkin elektron
yogunlugu gibi c¢esitli foton zirhlama  parametreleri
hesaplanabilmektedir.

Bu c¢aligmada saf PLA ve farkli oranlarda BaO igeren
PLA/BaO kompozitlerinin kiitle azaltma katsayilar1 (MAC)
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XCOM kullanilarak elde edilmistir. Elde edilen MAC degerleri
kullanilarak LAC, HVL ve Zew degerleri hesaplanmistir. Ayrica,
kompozitlerin MAC, LAC, HVL ve Zek degerleri Phy-X/PSD
kullanillarak ~ hesaplanmis ve  XCOM  degerleri ile
karsilastirilmistir.

2.3. PLA/BaO Kompozitlerinin Kitle Azaltma ve
Lineer Azaltma Katsayis1 Degerleri

Saf PLA ve PLA/BaO kompozitlerinin kitle azaltma
katsayilart XCOM programi kullanilarak 1 keV-100 GeV foton
enerji araliginda hesaplanmistir. Numuneler, saf PLA i¢in PLA;
agirlikca %5, %10 ve %20 BaO igeren kompozitler i¢in sirastyla
PLA-5Ba, PLA-10Ba ve PLA-20Ba olarak adlandirilmistir. Sekil
1’de, XCOM ile hesaplanan degerlerin 1 keV-1 MeV enerji
araligindaki degisimi gosterilmektedir.

T T T T T T

—— PLA

4000 -
I PLA-5Ba
PLA-10Ba| 1

3000 4 PLA-20Ba
)
g
£ 2000 .
Q
<
=

1000 .

107 107 10" 10°
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Sekil 1. Saf PLA ve PLA/BaO kompozitlerinin kiitle azaltma
katsayilarinin enerji ile degisimi

Sekil 1’den goriildiigii lizere, saf PLA ve PLA/BaO
kompozitlerinin kiitle azaltma katsayilar1 genel egilim olarak
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artan foton enerjisiyle azalmaktadir. Diisiik enerji bolgesinde
gozlenen yiiksek kiitle azaltma katsayilari, fotoelektrik
etkilesimin bu enerji bolgesindeki baskiligr ile iligkilidir. Foton
enerjisinin artmastyla birlikte baskin etkilesim mekanizmasinin
degismesi, kiitle azaltma katsayisinin enerjiye bagh karakteristik
davranigint belirlemektedir. Bu degisim literatiirde bildirilen
sonuclarla uyumludur (Alshahri et al., 2021; EI-Sayed Abdo et
al., 2003; Prabhu, Bubbly, & Gudennavar, 2021). Bunun yani sira
BaO katki oranmnin artmasiyla kompozitlerin kiitle azaltma
katsayilarmin arttig1 goriilmektedir. Daha yiiksek kiitle azaltma
katsayis1 degerleri, fotonlarin malzeme icerisinde daha etkin
bicimde zayiflatildigin1 gostermektedir. Dolayisiyla BaO
ilavesinin PLA’nin foton zayiflatma performansini gelistirdigi
sOylenebilir. BaO igeren kompozitlerin egrilerinde yaklasik 37,44
keV’de gozlenen belirgin degisim, baryumun K-sogurma
kenarindan (K-edge) kaynaklanmaktadir.

PLA-20Ba kompozitinin kiitle azaltma katsayilari,
literatiirde beton, HDPE/%30 PbO ve Epoksi/%20 nWOs igin
bildirilen degerlerle karsilastirilmistir (Alharshan et al., 2020;
Gurler & Akar Tarim, 2012; Karabul & Igelli, 2021). 81 keV’de
PLA-20Ba i¢in hesaplanan 0,8277 cm?/g degeri, betonun 0,184
cm?g ve HDPE/%30 PbO’nun 0,696 cm?/g degerlerinin sirastyla
yaklasik 4,50 ve 1,19 kati olup, Epoksi/%20 nWOs’iin 1,413
cm?g degerinden diisiiktiir. 356 keV’de PLA-20Ba’nin MAC
degeri 0,1128 cm?/g olarak hesaplanirken, beton, HDPE/%30
PbO ve Epoksi/%20 nWOs i¢in bildirilen degerler sirasiyla 0,094,
0,156 ve 0,133 cm?/g’dir. 662 keV’de ise ayni siralamayla bu
degerler 0,08068, 0,075, 0,092 ve 0,089 cm?/g’dir. Boylece PLA-
20Ba’nin MAC degerlerinin karsilagtirilan {i¢ enerjide de
betondan yiiksek oldugu, HDPE/%30 PbO’ya gore iistiinliigliniin
ise yalnizca 81 keV’de goriildiigii belirlenmistir.
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Tablo 2’de belirli enerji degerleri i¢cin PLA ve PLA/BaO
kompozitlerinin XCOM ve Phy-X/PSD ile hesaplanmis lineer
azaltma katsayilar1 verilmektedir.

Tablo 2. PLA ve PLA/BaO kompozitlerinin lineer azaltma

katsayilan
Ornek
Lineer Azaltma Katsayisi (cm™)

81 356 662 1173 1332

keV keV keV keV keV
XCOM 0,206 0,127 0,098 0,074 0,070
PLA Phy-X/PSD 0,206 0,127 0,098 0,074 0,070
XCOM 0,429 0,137 0,104 0,079 0,074
PLA-5Ba  Phy-X/PSD 0,429 0,137 0,104 0,079 0,074
XCOM 0,675 0,148 0,109 0,083 0,077
PLA-10Ba Phy-X/PSD 0,675 0,147 0,110 0,083 0,077
XCOM 1,271 0,173 0,124 0,093 0,087

PLA-20Ba Phy-X/PSD 1,270 0,173 0,124 0,093 0,087

Tablo 2’de goruldiigli {izere, saf PLA ve PLA/BaO
kompozitleri icin XCOM ve Phy-X/PSD kullanilarak hesaplanan
lineer azaltma katsayilar1 birbiriyle olduk¢a uyumludur. Lineer
azaltma katsayilar1 incelendiginde, BaO katk1 oraninin artmasiyla
4 degerlerinin sistematik olarak arttif1 ve incelenen tiim enerji
degerlerinde en yiiksek degerlerin PLA-20Ba kompoziti igin elde
edildigi goriilmektedir. Ornegin, 81 keV’de XCOM ile
hesaplanan lineer azaltma katsayilar1 PLA-5Ba, PLA-10Ba ve
PLA-20Ba icin saf PLA degerinin sirasiyla yaklasik 2,08, 3,28 ve
6,17 katidir. Bu sonuglar, BaO igeriginin artirilmasmin PLA nin
foton zayiflatma kabiliyetini belirgin bicimde gelistirdigini ve
incelenen kompozisyonlar arasinda PLA-20Ba’nin en yiiksek
lineer azaltma performansina sahip oldugunu gostermektedir.

2.4. PLA/BaO Kompozitlerinin Yari Deger Kalinhg
Degerleri

Saf PLA ve PLA/BaO kompozitlerinin yar1 deger
kalliklar1 (HVL), XCOM yazilimi ile hesaplanan kiitle azaltma
katsayilarindan ve malzemelerin yogunluk degerlerinden elde
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edilen lineer azaltma katsayilar1 kullanilarak Denklem 3’e gore 1
keV-100 GeV foton enerji araliginda hesaplanmistir. Sekil 2’de
saf PLA ve PLA/BaO kompozitlerinin segilen foton
enerjilerindeki yar1 deger kalmliklar1 verilmektedir.

81 356 662 1173 1332
Enerji (keV)

Sekil 2. PLA ve PLA/BaO kompozitlerinin belirli enerjilerdeki
yar1 deger kalinhg: degerleri

Sekil 2°de goriildiigii tizere, incelenen 81-1332 keV foton
enerji araliginda saf PLA ve PLA/BaO kompozitlerinin yar1 deger
kalinliklar1 (HVL), foton enerjisinin artmastyla yiikselirken BaO
katki oraninin artmasiyla azalmaktadir. Yar1 deger kalinligi, bir
zirthlayic1 malzemenin gelen foton siddetini baslangic degerinin
yarisna diisiirmesi i¢in gerekli malzeme kalinlhigi olarak
tanimlanmaktadir. Bu nedenle yiiksek HVL degerleri, fotonlarin
malzeme igerisinde daha wuzun bir mesafe kat ederek
zayiflatildigim1 ve dolayisiyla zirhlama performansinin daha
diisiik oldugunu gosterirken, diisiik HVL degerleri daha yiiksek
zirhlama performansina isaret etmektedir. Artan foton enerjisiyle
birlikte tiim numunelerde HVL degerlerinin yiikselmesi, foton
enerjisi arttikca malzemelerin zayiflatma etkinliginin azaldigin
gostermektedir. Bu davranis, artan foton enerjisiyle birlikte kiitle
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ve lineer azaltma katsayilarinda gbzlenen azalma ile uyumludur.
Buna karsilik, BaO katki oranmin artmasiyla HVL degerlerinin
azalmasi, BaO ilavesinin PLA’ nin foton zayiflatma ve radyasyon
zithlama performansimi gelistirdigini gostermektedir. Incelenen
kompozitler arasinda en diisiik HVL degerlerinin PLA-20Ba
numunesinde elde edilmesi, bu kompozitin en yiiksek zayiflatma
performansina sahip oldugunu ortaya koymaktadir. Sayisal olarak
degerlendirildiginde, 81 keV foton enerjisinde saf PLA i¢in 3,36
cm olan HVL degeri, PLA-5Ba, PLA-10Ba ve PLA-20Ba
kompozitleri i¢in sirasiyla 1,61, 1,03 ve 0,55 cm’ye diigsmiistiir.
Buna gore, saf PLA ile karsilastirildiginda HVL degerinde PLA-
S5Ba, PLA-10Ba ve PLA-20Ba icin sirastyla yaklagik %352,0,
%69,5 ve %83,8 oraninda azalma meydana gelmistir. BaO
katkisinin HVL {izerindeki etkisinin diisiik enerji bolgesinde daha
belirgin oldugu goriilmiis; PLA-20Ba i¢in saf PLA’ya gore HVL
degerindeki azalma orant 1332 keV’de yaklasik 9%19,4°e
gerilemistir.
2.5. PLA/BaO Kompozitlerinin Etkin Atom

Numarasi Degerleri

Saf PLA ve PLA/BaO kompozitlerinin etkin atom
numaralarinin (Zew) enerjiye bagh degisimi, XCOM verileri ile
Denklem 4 ve 5 kullanilarak hesaplanmis ve Sekil 3’te
gosterilmistir.
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Sekil 3. PLA ve PLA/BaO kompozitlerinin etkin atom numarasi-
enerji grafikleri

Sekil 3’te saf PLA ve PLA/BaO kompozitlerinin etkin
atom numaralarinin (Zew) foton enerjisine bagl degisimi
gosterilmektedir. Egrilerde goriilen karakteristik  degisim,
literatirde bildirilen sonuglarla uyumludur(Al-Buriahi et al.,
2021; Caglar et al., 2019; Prabhu et al., 2021). BaO igeren
kompozitlerin Zetk degerleri, 6zellikle diisiik foton enerjilerinde
saf PLA’ya go0re belirgin bicimde ylksektir. Bu durum,
fotoelektrik sogurmanin atom numarasina giiclii bagimlilig1 ve
kompozit yap1 icerisindeki yliksek atom numarali baryumun
katkisi ile aciklanabilir. Yaklasitk 0,037 MeV civarinda
kompozitlerin egrilerinde goriilen keskin artig, baryumun K-
kabugu sogurma kenari ile iligkilidir.

Bu bolgenin ardindan foton enerjisinin artmasiyla Zetk
degerleri hizla azalmakta ve Compton sagilmasinin agirlik
kazandig1 orta enerji bolgesinde egriler birbirine yaklasmaktadir.
Daha yiiksek enerjilerde ise ¢ift olusumunun artan katkisiyla Zetk
degerleri yeniden ylikselmekte ve ardindan yaklasik sabit bir
diizeye ulagsmaktadir. BaO katki oranmnin Zetk {izerindeki
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etkisinin diisiik enerji bolgesinde daha belirgin oldugu, orta enerji
bolgesinde ise azaldig1 goriilmektedir.

Incelenen enerji araliginda en diisiik Zetk degerleri saf
PLA ic¢in elde edilirken, BaO katki oranmin artmasiyla bu
degerler yiikselmis ve en yiiksek degerler PLA-20Ba
kompozitinde gozlenmistir. Bu artig, kompozit yap1 igerisindeki
baryum oraninin yiikselmesiyle iligkilendirilebilir. Zetk
sonuclari, kiitle azaltma katsayist ve yart deger kalinlhigi
sonuclartyla birlikte degerlendirildiginde, incelenen bilesimler
arasinda PLA-20Ba kompozitinin teorik foton zirhlama
Ozellikleri agisindan daha elverisli oldugu goriilmektedir.

3. SONUC VE ONERILER

Bu c¢aligmada, agirlikga %5, %10 ve %20 BaO igeren
PLA/BaO kompozitlerinin radyasyon zirhlama 06zellikleri
XCOM ve Phy-X/PSD  kullanilarak  teorik  olarak
degerlendirilmistir. Kompozitlerin foton zayiflatma davraniglari;
kiitle azaltma katsayisi, lineer azaltma katsayisi, yari deger
kalinlig1 ve etkin atom numarasi {izerinden incelenmistir.

Elde edilen sonuglar, BaO ilavesinin PLA’nim radyasyon
zayiflatma  Ozelliklerini  gelistirdigini  ve  kiitle azaltma
katsayilarindaki katki ile meydana gelen artisin fotoelektrik
etkilesimin baskin oldugu diisiik enerji bolgesinde daha belirgin
oldugunu gostermistir. Incelenen secili enerjilerde BaO iceren
kompozitlerin lineer azaltma katsayilar1 saf PLA’dan daha
yiiksek bulunmus; 6zellikle 81 keV’de bu degerler saf PLA’nin
yaklasik 2,08—6,17 kat1 olarak hesaplanmistir. BaO katki oraninin
artmasiyla etkin atom numarasi ylikselmis, yar1 deger kalinlig1 ise
azalmistir. Incelenen kompozisyonlar arasinda PLA-20Ba, segili
enerjilerde en yiiksek lineer azaltma katsayisia ve en diislik yari
deger kalinligina sahip olmustur.
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Literatiir karsilastirmasinda, PLA-20Ba’nin 81 keV’deki
kiitle azaltma katsayis1 betonun yaklasik 4,50 katt ve HDPE/%30
PbO kompozitinden %18,9 daha yiiksek bulunmustur. Bununla
birlikte, 356 ve 662 keV’de bu degerler betondan yiiksek,
HDPE/%30 PbO ve Epoksi/%20 nWOs kompozitlerinden diisiik
kalmigtir. Bu sonuglar, PLA-20Ba’nin 6zellikle diisiik enerjili
fotonlarin zayiflatilmas: agisindan kursun icermeyen polimer
esasli zirhlama malzemeleri arasinda potansiyel bir aday
olabilecegini  gostermektedir. ~ Uygulama  potansiyelinin
belirlenmesi i¢in teorik sonuglarin deneysel Olclimlerle
desteklenmesi ve kompozitlerin mekanik ve termal 6zelliklerinin
incelenmesi Onerilmektedir.
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BORON-HYDRIDE SYSTEMS:
SUPERCONDUCTIVITY UNDER HIGH
PRESSURE AND THE QUEST FOR ROOM-
TEMPERATURE SUPERCONDUCTIVITY

Ozge ERDEM!

1. INTRODUCTION

One of the fundamental goals in superconductivity
research is to achieve the phase, characterized by zero electrical
resistivity and the Meissner effect, stably at the highest possible
critical temperatures (Tc). To this end, experimental and
theoretical studies conducted on hydride-based systems under
high pressure have shown that Tc values can approach room
temperature due to enhanced phonon-mediated pairing
mechanisms. The transition of hydrogen-rich compounds into a
metallic phase under high pressure, together with their high-
frequency lattice vibrations and strong electron—phonon coupling,
suggests that exceptionally high critical temperatures may be
possible within the framework of BCS theory. Tc values
measured above 200 K in some super hydride phases demonstrate
the critical importance of these systems for high-temperature
superconductivity. These studies have brought the concept of
“room-temperature superconductivity” closer to becoming an
experimentally accessible limit rather than remaining merely a
theoretical goal.

Within the super hydride class, boron-based hydrides
constitute a prominent area of research due to the combination of

1 Assoc. Prof., Bayburt University, Vocational High School of Health Services,
Department of Medical Services and Techniques, ORCID: 0000-0003-4542-941X.
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the high-frequency phonon spectra generated by low-atomic-
mass elements and the versatile covalent bonding chemistry of
boron. The electron-deficient nature of boron enables the
formation of multicentre bonds and complex lattice structures,
while these characteristics make the emergence of new
superconducting phases possible under high pressure. In boron-
hydride compounds, the complex crystalline networks stabilized
under high pressure, together with the accompanying strong
electron—phonon interactions, provide a favourable basis for
achieving high Tc within the framework of BCS theory.
Furthermore, the structural phase diversity exhibited by these
systems enables the engineering of their electronic band
structures and phonon densities of states, thereby supporting the
development of new design strategies for superconductivity at
temperatures approaching room temperature. However, the fact
that a large fraction of these phases are thermodynamically stable
only under pressures on the order of megabars (Mbar, 106 bar)
represents a significant limitation for practical applications.
Therefore, current research focuses, on the one hand, on the
discovery of boron-hydride phases that are stable at lower
pressures and, on the other hand, on the Kkinetic trapping of
structures synthesized under high pressure to preserve them under
ambient conditions.

This section discusses boron-hydride superconductors
and research efforts toward achieving room-temperature
superconductivity.

2. SUPERCONDUCTIVITY IN BORON-
HYDRIDE COMPOUNDS

2.1. Phonon-Mediated Superconductivity

In boron—hydride systems, according to the conventional
mechanism of superconductivity, superconductivity is explained
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within the framework of BCS theory by the formation of Cooper
pairs through phonon-mediated electron pairing. When strong
interactions occur between the Cooper pairs, the Migdal-
Eliashberg theory, which is a generalization of BCS theory, is
employed.

The critical temperature of superconductors depends on
the electron—phonon coupling constant (1), the average phonon
frequency, and the electronic density of states. The electron—
phonon coupling constant is a dimensionless parameter in
condensed-matter  physics, particularly in  theories of
superconductivity and metallic conduction, that characterizes the
strength of the interaction between electrons and lattice vibrations
(phonons); in other words, it indicates how strongly electrons
interact with the crystal lattice. Electrical resistance arises from
the scattering of electrons by phonons, and the scattering rate
depends on the value of A. The larger the value of A, the stronger
the electron—phonon interaction responsible for the formation of
Cooper pairs in BCS theory. For materials such as high-
temperature superconductors, A > 1 represents strong coupling
and is generally associated with a high T¢ value [1, 2].

In superconductors, the phonon frequency is the
characteristic frequency of the crystal lattice vibrations (phonons)
that enable electrons to come together and form Cooper pairs,
particularly within the framework of conventional (BCS)
superconductivity  theory. The phonon frequency in
superconductors varies depending on the crystal structure and
atomic mass of the material, and the characteristic phonon
frequencies play an important role in determining the electron—
phonon interaction and, consequently, the superconducting
transition temperature [2-4]. The Debye frequency (wp), on the
other hand, refers to the cutoff frequency that limits the phonon
spectrum in the Debye model and determines the total number of
vibrational modes in the crystal [5]. In particular, within the
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framework of Migdal-Eliashberg theory, the transition
temperature can be calculated using the electron—phonon
coupling parameter and the logarithmic average phonon
frequency [1, 2]. During the transition to the superconducting
state, the amplitude of lattice vibrations decreases as the
temperature is lowered; however, the specific frequency and
energy interactions required for the transition to the
superconducting state, namely the electron—phonon interaction
responsible for Cooper pair formation, persist [4, 6]. Light
elements such as hydrogen (H) and boron (B) provide an
advantage for achieving high T values due to their high phonon
frequencies.

2.2. Effect of High Pressure

High pressure can reduce the interatomic distances,
leading to the broadening and overlap of electronic bands; this
can facilitate the emergence of a metallic state in some hydrogen-
rich compounds [7]. Metallization is important for
superconductivity because electrons must be mobile, and since
free electrons are present near the Fermi level only in the metallic
phase, the electron—phonon interaction becomes effective,
enabling the formation of Cooper pairs [4, 6, 8].

In hydrogen-containing systems, high pressure can alter
the stability of molecular structures, leading to the formation of
hydrogen-rich metallic phases. In such metallic phases, high-
frequency hydrogen vibrations and strong electron—phonon
interactions can create favourable conditions for conventional
superconductivity with high T¢ values [9, 10]. During
metallization in boron-hydride systems, increasing pressure
brings the atoms closer together, enhances orbital overlap,
increases band widths, and eventually closes the band gap,
resulting in the formation of free charge carriers [5, 7, 11].
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2.3. Hydride Superconductors

Although the majority of hydride systems do not exhibit
superconductivity at ambient pressure, high pressure can enable
the formation of new crystalline phases and the emergence of
metallic and superconducting states. In particular, super hydride
phases such as LaH1o have been synthesized at pressures on the
megabar scale, with high T values of up to 260 K being reported
[7, 10, 12]. Hydrogen-rich metal hydrides are considered
promising systems for reducing the external pressure required to
metallize pure hydrogen through chemical pre-compression,
while atomic metallic hydrogen itself has also been theoretically
investigated as a potential high T¢ superconductor under high
pressure [7, 13]. In such compounds, high pressure can induce
metallization by narrowing the electronic band gap and
eventually closing it above a certain pressure. With the formation
of the metallic phase, a finite and high density of states emerges
near the Fermi level, providing the necessary condition for
electronic conductivity [14]. In the metallic phase, strong
electron—phonon interactions between the electrons and lattice
vibrations can contribute to the formation of Cooper pairs and the
emergence of conventional superconductivity [14, 15]. As a result
of this pairing mechanism, the system transitions into the
superconducting phase, exhibiting zero electrical resistivity and
magnetic-field expulsion characterized by the Meissner effect.

In hydride systems, the low atomic mass of hydrogen
leads to high-frequency phonon modes and, consequently, a high
Debye frequency [7, 14, 16]. Together with a large electron—
phonon coupling constant (A) and a suitable electronic band
structure, these characteristics enable high T values, as described
within the framework of BCS theory and its strong-coupling
generalization, the Eliashberg formalism [15, 17].
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Hydrogen-rich metal hydrides such as HzS (~200 K) [18],
LaH1o (~250 K) [19], and YHs (~220 K) [20] are among the most
prominent systems in the field of high-temperature
superconductivity. These compounds, referred to as “super
hydrides” due to their high hydrogen content, can exhibit T
values approaching room temperature; however, they face
significant limitations for technological applications because they
generally become stable only under extremely high pressures,
well above 100 GPa and in the mega bar range [12, 19, 21].

2.4. Boron—-Hydride Superconductors

Boron is an electron-deficient element and, in its stable
compounds, exhibits multicentre bonding, such as three-centre
two-electron bonds, rather than conventional two-centre bonding.
This bonding character enables boron to form complex and highly
interconnected lattice structures. In boron-hydride systems, these
characteristics result in enhanced structural stability, the
emergence of high-frequency phonon modes, and the formation
of a wide variety of phases. In this context, boron—hydride
compounds can generally be classified as simple boron hydrides,
metal-doped boron hydrides, and boron—carbon-hydride systems
[22, 23].

Simple boron hydrides include low-atom-number
molecular structures such as BHs, BoHs, and BsHio. These
compounds are among the most basic hydrides formed by boron
and hydrogen. They generally exhibit well-defined molecular
structures but limited thermodynamic stability under ambient
conditions due to their electron-deficient bonding [24, 25].
Because these molecular systems exhibit insulating or wide-band-
gap semiconducting characteristics in terms of their electronic
band structures, they do not exhibit superconductivity [17, 25].
However, under high pressure, these molecular phases can
transform into denser, periodic crystalline structures, leading to
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band-gap closure and metallization. This transformation enables
the electron—phonon interaction mechanism to become effective,
thereby creating favourable conditions for the formation of
superconducting phases. Nevertheless, pure boron-hydride
systems generally cannot provide the electron—phonon coupling
required to achieve high T¢ values. Therefore, high T¢
superconductivity is predominantly observed in metal-doped or
more complex super hydride systems.

Compounds such as LiBHs, NaBHs, and Mg(BHa).
belong to the class of metal-doped boron-hydride systems and
have been widely investigated in hydrogen-storage studies [26,
27]. LaBHeg, on the other hand, is an example of a ternary super
hydride phase that is stable under high pressure. In such ternary
hydrides, the chemical structure formed by the combination of
different elements can modify the stability and electronic
properties of the hydrogen sublattice. In the specific case of
LaBHeg, the La—B framework may stabilize the metallic character
of the hydrogen sublattice through a chemical-pressure effect,
thereby creating favourable conditions for superconductivity [28,
29]. The metal atom alters the electronic structure of the boron-
hydrogen sublattice by providing electrons through charge
transfer; this can contribute to narrowing the band gap and
facilitating the transition to the metallic state. At the same time,
the incorporation of the metal can enhance the thermodynamic
stability of the crystal structure and enable the stabilization of
different high-pressure phases.

From an electronic-structure perspective, metal doping
increases the density of states near the Fermi level, creating
favourable conditions for strong electron—phonon interactions. In
these systems, the high-frequency phonon modes associated with
the low atomic mass of hydrogen, together with the enhanced
electron—phonon interaction, support superconducting pairing
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within the framework of BCS theory and the Eliashberg
formalism [15, 17, 28, 29].

Some metal-doped boron—hydride phases are theoretically
predicted to reach critical temperatures above 100 K at pressures
of approximately 50-100 GPa. In particular, theoretical studies of
boron-hydride systems containing rare-earth and alkali/alkaline-
earth metals, such as the La—B—H and Mg-B-H phase diagrams,
support this range [28, 29]. Although such ternary boron-hydride
systems may exhibit lower critical temperatures than super
hydrides, they constitute an important area of research for the
design of practical superconducting materials due to their
potential to remain stable at lower pressures.

Boron—-carbon-hydride (B—C-H) systems are compounds
formed by the hydrogenation of the covalent framework
composed of boron and carbon atoms, exhibiting rich structural
and electronic properties [21, 29]. The combination of boron’s
electron-deficient bonding character and carbon’s tendency to
form four-valent covalent bonds enables the formation of
complex structures with greater thermodynamic and Kkinetic
stability compared with conventional boranes. Under ambient
conditions, these systems generally exhibit insulating or
semiconducting electronic band structures, while under high
pressure, they can transition to a metallic phase through the
closure of the band gap.

Carbon incorporation can modify the electron distribution
within the boron-hydrogen sublattice, thereby tuning the
electronic states near the Fermi level, contributing to the
adjustment of the band structure, and improving the structural
stability of certain high-pressure phases [30-32]. Structurally,
boron and carbon atoms in these compounds can form polyhedral
clusters and lattice-like cluster structures; while multicentre
bonding motifs are preserved, a transformation into extended
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three-dimensional covalent crystal networks may occur under
high pressure. Such structural changes directly influence the
reconstruction of the electronic band structure and the
metallization process.

B-C systems offer potential candidates for high-
temperature superconductivity by taking advantage of high-
frequency vibrational modes arising from their covalent lattice
structures composed of light elements. Theoretical studies have
shown that high Tc values can be achieved in metal-doped B-C
clathrates through the tuning of the electronic density of states
and lattice dynamics [30]. Furthermore, incorporating hydride
units into B—C clathrate structures provides a design approach for
enhancing electron—phonon interactions and, consequently,
superconducting properties by exploiting the low atomic mass of
hydrogen [31]. For example, T values on the order of 100 K at
ambient pressure have been theoretically predicted for some B—
C—H-based clathrates [30, 31].

B-C-H compounds are being extensively investigated not
only in the context of superconductivity but also in areas such as
high-hardness materials [33], nanostructures, hydrogen-storage
technologies [22], and energy materials. This versatility further
enhances the importance of these systems in both fundamental
science and applied materials science.

The synthesis of the vast majority of boron-hydride
superconductors exhibiting high T requires extremely high
pressures in the megabar range (=100 GPa), while the resulting
phases are generally limited to micron-scale samples. This
constitutes a fundamental limitation in terms of the scalability and
technological applicability of these materials. Furthermore, most
of these phases become thermodynamically unstable when the
pressure is released and cannot be preserved under ambient
conditions.
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In this context, current research focuses on material-
design strategies aimed at overcoming these limitations. In
particular, element substitution (chemical doping) is being
explored to tune lattice parameters and the electronic structure,
thereby reducing the external pressure required to stabilize the
desired phases [29, 34]. In addition, kinetically trapping phases
obtained under high pressure through pressure-induced
metastability or controlled decompression pathways, thereby
preserving metastable structures at lower pressures or under
conditions close to ambient pressure, has emerged as an important
area of research [21, 29]. On the other hand, in the context of low-
dimensional systems, two-dimensional boron derivatives offer
tunable electronic platforms due to their diverse crystal structures
and the resulting variation in their electronic properties [35, 36].
Functionalization of these structures with hydrogen or other
elements may provide potential superconducting platforms by
enabling control over the electronic structure and electron—
phonon interactions. These approaches represent key research
directions aimed at achieving high T. values within the
framework of BCS theory under more accessible pressure and
temperature conditions.

3. CONCLUSIONS

Boron-hydride systems constitute an important research
platform in condensed-matter physics in the context of phonon-
mediated superconductivity observed under high pressure. The
combination of the high T potential of hydrogen-rich hydrides
with the structural flexibility of boron based on multicentre
bonding makes the goal of achieving superconductivity at
temperatures approaching room temperature theoretically
accessible, provided that suitable electronic band structures and
strong electron—phonon interactions are achieved. Within this
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framework, the mechanism is largely based on high-frequency
phonon modes, which are described by BCS theory and the
Eliashberg formalism.

However, the fact that the vast majority of these systems
can only be stabilized under pressures in the megabar range
constitutes the most fundamental obstacle to their transition to
practical applications. Therefore, current research focuses on
reducing the required external pressure through approaches such
as chemical pre-compression and element substitution (chemical
doping), as well as transforming phases obtained under high
pressure into metastable structures that can be preserved under
ambient conditions. Such strategies are considered critical steps
toward achieving high T¢ values under more accessible
thermodynamic conditions.
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TOPRAKTAN SOFRAYA DOGAL
RADYONUKLITLER: GIDA ZiINCIRINDE
TRANSFER, iC DOZ VE RADYOLOJIK RISK

Giil¢in Bilgici CENGIZ!

1. GIRIS

Insanlar dogal ve insan kaynakli iyonlastirici radyasyona
yasamlar1 boyunca maruz kalmaktadir. Dogal maruziyetin 6nemli
bir boliimii; yerkabugu, toprak, su, hava ve canli dokularda
bulunan radyoniiklitlerden kaynaklanir. Uranyum ve toryum
bozunma serilerinin lyeleri ile dogal potasyumun radyoaktif
izotopu olan “K, gida kaynakli radyolojik degerlendirmelerde
one ¢ikmaktadir (UNSCEAR, 2000).

Topraktan bitkilere gecen radyonuklitler, bitkisel
tirlinlerin dogrudan tiiketilmesi veya yem-—hayvan—hayvansal
iiriin zinciri lizerinden insanlara ulagabilir. K6k alimina ek olarak
atmosferik cokelme ve ylizeyde tutunan toprak parcaciklari da
bitkisel Urunlerde Olgiilen aktiviteye katkida bulunabilir (IAEA,
2010).

Gidalardaki aktivite konsantrasyonlarinin saglik agisindan
anlamu; tiiketim miktari, tiiketici yasi ve radyoniiklide 6zgii yutma
dozu katsayilartyla birlikte degerlendirilir (ICRP, 2012). Bu
nedenle yuksek aktivite iceren fakat az tiiketilen bir Urtiniin doz
katkisi, daha diisiik aktiviteye sahip ancak yaygin tiiketilen temel
bir gidadan az olabilir.

L Prof. Dr., Kafkas Universitesi, Fen-Edebiyat Fakiiltesi, Fizik Boliimii, ORCID:
0000-0002-6164-3232.
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Bu boliimde dogal radyoniiklitlerin topraktaki davranisi,
bitkisel ve hayvansal gidalara transferi, isleme siire¢lerindeki
degisimi ve tiiketim yoluyla olusan i¢ doz ile radyolojik risk
biitlinciil olarak ele alinmaktadir.

Sekil 1. Dogal radyoniiklitlerin topraktan sofraya bashca transfer
yollar.

2. DOGAL RADYONUKLITLERIN
TOPRAKTAKIi DAVRANISI

Toprak, karasal ekosistemlerde dogal radyoniiklitlerin
temel kaynak ve birikim ortamidir. Aktivite diizeyleri jeolojik
yapi, ana materyal, iklim ve toprak olusum siireclerine;
hareketlilikleri ise topragin fiziksel ve kimyasal 6zelliklerine
baghdir.

2.1. Dogal Radyoniiklitlerin Cevresel Kaynaklari

Dogal radyoniiklitler, yerkiirenin olusumundan beri
cevrede bulunan birincil radyoniiklitler ile bunlarin bozunma
tirlinlerinden olusmaktadir. Gida zincirine transfer bakimindan en
fazla incelenen dogal radyoniiklitler, #*U ve #2Th bozunma
serilerinin iiyeleri ile “°K’dir. Bu radyoniiklitler kayaglarin
ayrigmast, erozyon, yiizeysel akis ve sediment taginimi gibi dogal
sireclerle topraga geg¢mekte ve toprak profilinin farkh
katmanlarinda birikebilmektedir (UNSCEAR, 2000).
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Tablo 1. Gida zinciri acisindan 6nemli dogal radyoniiklitlerin
temel ozellikleri ve ¢evresel davramslar:

Yar Bashca Toprak ve Gida zinciri
Radyonduklit L cevresel bitkilerdeki et
omur kaynak davramg: acisindan 6nemi
Kalsiyuma
kimyasal
bg;]tzeer:lrlkTo rak Bitkisel artinler,
238 ozelliklerin | Yem sitve diger
- hayvansal Urlinler
bozunma bagli olarak .
226R, Yaklasik serisi: Kokler y(?.luyla a]ma'lzl'llr.
1600yil 1y ovaclarve | tarafindan Viicuda gegtiginde
toprak alinabilir; S(Z)illljlslfjlellgemlk
bitkilerdeki wsuy’a
transferi etkilesebilir.
genellikle sinirlt
ve degiskendir.
Kil mineralleri,
metal oksitler ve
Toryum organik Glfiallalrdlfl diisiik
iceren maddelere giiglu goguniukia qus
kayaclar bigimde duzeylerde_ .
Yaklagik minerallér baslanir bulunur. Bitkilerde
232Th 1,4x1010 ve Hz%eletlviligi ve olgllen aktiviteye
yil bunlardan kok yoluyla yuizeye tutunan
s toprak ve toz
olusan bitkilere arcaciklart
topraklar transferi parg .
genellikle katkida bulunabilir.
diisiiktiir.
Dogal Potasyum temel E;tli/lzrils,:le
potasyum; | bir bitki besin 13/a1ar e avan
toprak elementidir. & yaye
Yaklagik mineralleri Kokler olarak bulunur.
40K 1,25x10° . Vicuttaki
" ve tarafindan aktif otasvum miktart
y potasyum olarak alinir ve potasyut
' e fizyolojik
iceren bitki dokularina h
A mekanizmalarla
glbreler tasinir. i .
dizenlenir.

Topraklardaki dogal radyoniiklit diizeylerinin temel
belirleyicisi jeolojik yapidir. Granitik ve fosfatga zengin
kayaglardan gelisen topraklar, bazi dogal radyoniiklitler
bakimindan daha yiiksek aktivite gosterebilirken farkli ana
materyaller tlizerinde olusan topraklarda daha diisiik degerler
belirlenebilir. Kayaglarin fiziksel ve kimyasal ayrismasiyla
serbest kalan radyoniklitler; toprak minerallerine baglanabilir,
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toprak c¢ozeltisine gegebilir, erozyonla tasmabilir veya bitki
kokleri tarafindan alinabilir. Bu nedenle ayni1 bolge igerisinde
dahi farkli toprak tiirleri ve arazi kullanim bigimleri arasinda
onemli degisimler goriilebilir.

Dogal siireclerin yan1 sira bazi insan faaliyetleri de dogal
radyoniiklitlerin cevresel dagilimini degistirebilir. Ozellikle
fosfatli giibrelerin uzun siireli ve yogun kullanimi, tarim
topraklarna uranyum ve radyum serisi radyoniiklitlerin
eklenmesine neden olabilir (Alam ve ark., 1997; Boukhenfouf ve
Boucenna, 2011; Ghosh ve ark., 2008; Hussain ve Hussain,
2011).

Madencilik, kodmiir yakilmasi, petrol ve dogal gaz iiretimi,
cevher isleme ve bazi endiistriyel faaliyetler sirasinda dogal
olarak bulunan radyoaktif maddeler cevresel ortamlarda
yogunlasabilir. Bu maddeler, teknolojik olarak zenginlestirilmis
dogal radyoaktif maddeler olarak degerlendirilmektedir. Ancak
bu faaliyetlerin tarim topraklar1 ilizerindeki etkisi; kullanilan
hammaddenin  Ozelliklerine, uygulama slresine, boélgesel
kosullara ve ¢evresel kontrol 6nlemlerine baghdir (IAEA, 2003).

2.2. Toprak Ozellikleri, Hareketlilik ve
Biyoyararlanabilirlik

Topragin pH’si, kil ve organik madde icerigi, katyon
degisim kapasitesi, nem ve redoks kosullar1 radyontiklitlerin
¢oziinlirliiglini, tutulmasmi ve bitkiler tarafindan alinabilirligini
belirler. Asidik kosullar bazi radyoniiklitlerin hareketliligini
artirabilirken giliglii  adsorpsiyon transferi simirlandirabilir
(Rachkova ve ark., 2010). Toplam aktivite konsantrasyonu
bitkiye gecisi dogrudan yansitmaz; alim, g¢ogunlukla toprak
cozeltisindeki ve zayif baglanmis fraksiyonlardan gerceklesir.
Hareketlilik yiiksek olsa bile kimyasal form, diger elementlerle

rekabet ve koklerin segiciligi biyoyararlanabilirligi sinirlayabilir
(IAEA, 2010).
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3. TOPRAKTAN BIiTKiLERE RADYONUKLIT
TRANSFERI

Topraktan bitkilere radyoniiklit transferi, gida zinciri
yoluyla i¢ maruziyetin olusmasinda Onemli bir asamadir.
Transferin degerlendirilmesinde radyoniiklitlerin bitkiye ulasma
yollari, bitki i¢cindeki dagilimi ve yenilebilir kisimlardaki aktivite
konsantrasyonlar1 dikkate alinir.

3.1. Transfer Yollarn ve Etkileyen Faktorler

Radyoniiklitler bitkilere kok alimi, atmosferik ¢cokelme ve
toprak parcaciklarmin ylizeye tutunmasi yoluyla ulasir. Koklerle
alinan radyontiklitlerin bir bolimii koklerde tutulurken diger
bolimii govde, yaprak ve tanelere tasinir. Havadaki aerosol ve
tozlar kuru veya yas ¢cokelmeyle; toprak parcaciklar ise riizgar,
yagmur sigramasi, sulama ve hasat sirasinda bitki ylizeylerine
ulasabilir (IAEA, 2010).

Transfer; toprak Ozellikleri, radyonuklidin kimyasal
formu, bitki tiirdi, gelisim donemi ve kok yapist ile iklim, sulama
ve giibrelemenin ortak etkisine baghdir (Sekil 2). Ayni toprakta
yetigen bitkiler farkl transfer degerleri gosterebilir. Bitki i¢cindeki
dagilim da homojen olmadigindan radyolojik degerlendirmelerde
dogrudan tiiketilen kismin analizi 6nemlidir (IAEA, 2010).

Toprak Ozellikleri " Radyoniklit Ozellikleri

K o Kmeaem

Fed Goalnirilk
S

Harekeiili

Bitki Ozellikleri

%}\ il’; ;’ Tar ve gesit
A A s

A
Y- AF AR Geliindéneni

@é fi{‘ Veriebir

Sekil 2. Dogal radyoniiklitlerin topraktan bitkilere transferini
etkileyen baslica faktorler.
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3.2. Transfer Faktorii ve Tahil-Un Zinciri
Toprak-bitki transfer faktorii asagidaki oranla tanimlanir:

TF — Apitki
Atoprak
Burada Awii Ve Awprak, aynt radyoniiklidin bitki ve
topraktaki, ayni1 kiitle esasna gore verilen aktivite
konsantrasyonlarmi (Bq kg™) ifade eder. Ornekler ayni yer ve
donemde alinmali, yiizeysel kontaminasyon kontrol edilmeli ve
incelenen bitki kismi belirtilmelidir. Transfer faktorleri evrensel
sabitler  degil, belirli  toprak-bitki-iklim  kosullarinin
gostergeleridir (IAEA, 2010).

Tahillar yiiksek tiiketimleri nedeniyle radyolojik agidan
onemlidir. Dogal radyoniiklitlerin bugdayin kok, govde ve tane
kisimlarindaki dagilimi farklilik gosterebilir (Pulhani ve ark.,
2005).  Ogiitmenin  iiriin  fraksiyonlarindaki  aktiviteyi
degistirebildigi, radyoaktif sezyumla yapilan caligmalarda da
gosterilmistir (Kimura ve ark., 2012). Bu nedenle toprak—bugday
ve toprak—un oranlar1 ayr1 degerlendirilmelidir. Toprak—un orant,
isleme etkilerini de igeren biitiinlesik bir toprak-Urin
gostergesidir.

4. BITKISEL VE HAYVANSAL GIDALARDA
DOGAL RADYONUKLITLER

Dogal radyoniiklitler bitkisel iiriinlerin dogrudan tiiketimi
veya yem-hayvan zinciri tlizerinden gidalara ulasir. Nihai
diizeyler {rlin tiiri, yetisme ortami, isleme ve hayvan
metabolizmasi gibi ¢ok sayida faktore baghidir.

4.1. Tahillar ve Tahil Bazh Uriinler

Bugday, arpa, yulaf, misir ve piring ile bunlardan iiretilen
un, ekmek, makarna, bulgur ve biskiivi gibi {iriinler, yaygin
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tilketimleri nedeniyle toplam i¢ doza katki saglayabilir (Bilgici
Cengiz ve ark., 2025). Islenmis iiriinlerdeki aktivite; ham madde,
iriin bilesimi, pisirme ve nem oranindan etkilenir. Bu nedenle
degerlendirmelerde tiikketime hazir iirliniin aktivitesi ve tliketim
miktar1 birlikte dikkate alinmalidir (IAEA, 2010).

4.2. Sebzeler ve Geleneksel Kurutulmus Sebze
Urinleri

Sebzelerdeki aktivite, tiiketilen bitki kismi ve yiizeysel
cokelmeden etkilenir (IAEA, 2010). Kurutma, su kaybiyla birim
kiitle bagina aktiviteyi artirabilir; acik havada kurutma ise toz ve
toprak pargaciklarinin yiizeye tutunmasma yol agabilir. Bu
etkileri ayirt etmek i¢in islem dncesi ve sonrasi sonuglar ayni1 kuru
madde esasima gore karsilagtirtlmalidir (IAEA, 1992).

4.3. Tibbi-Aromatik Bitkiler ve Baharatlar

Tibbi-aromatik bitki ve baharatlarda aktivite, kullanilan
bitki kismi, yetisme ortami ve yilizeyde tutunan tozdan etkilenir.
Diistik tiikketim miktarlar1 y1llik doz katkisini sinirlayabilir; yogun
ve uzun siireli kullanim ise ayrica degerlendirilmelidir. Bitkisel
caylarda doz hesabi, kuru iiriindeki toplam aktivite yerine
demleme sirasinda suya gegen fraksiyona dayanmalidir (Grzadka
ve ark., 2024).

4.4. Hayvansal Gidalar ve Sut Urdnleri

Hayvanlar radyoniklitleri yem, su, mineral takviyeleri ve
otlama sirasinda yutulan toprak yoluyla alir. Et ve siite transfer,
radyonuklidin - kimyasal 0zellikleri, beslenme ve hayvan
metabolizmasina baghdir (IAEA, 2010). Sitiin islenmesi
stirasinda radyoniiklitler peynir ve peynir alt1 suyu arasinda farkli
oranlarda dagilabilir; su kaybi1 da nihai aktivite konsantrasyonunu
etkiler (IAEA, 2010). Transferin degerlendirilmesi i¢in toprak,
yem, siit ve hayvansal {rlinlerin es zamanli incelenmesi
onemlidir.
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Tiirkiye’de  ve  farkli  iilkelerde  gergeklestirilen
caligmalarda c¢esitli gida gruplari i¢in bildirilen dogal radyoniiklit
aktivite konsantrasyonlar1 ile yillik etkin yutma dozlarinmn
secilmis ornekleri Tablo 2’de karsilastirilmistir.

Tablo 2. Tiirkiye ve farkl iilkelerde cesitli gida gruplari icin
bildirilen dogal radyoniiklit aktivite konsantrasyonlari ve yillik
etkin yutma dozlan

j 226Ra 222Th oK Yillik etkin
Ulke/bdlge Gida grubu (Bq (Bq (Bakg) yutma dozu Kaynak
kg?) kg?) 9 9 (uSv yi)

Turkiye, Kars Tahil, et, peynir, 2,20— 2,98 83,55— 18,37-195,841 Bilgici Cengiz
firm {irtinleri ve 36,20 49,56 304,89 ve Caglar (2022)
kaya tuzu

Tirkiye Kahvaltilik tahillar 12,59 + 10,64 + 87,08 + 143; 1302 Bilgici Cengiz

1,19 0,80 1471 ve ark. (2025)

Turkiye Biskuviler 12,42 + 10,48 + 7754 + 140; 1272 Bilgici Cengiz

1,15 111 14,67 ve ark. (2025)

Turkiye, Baharatlar 25,70 + 24,43 + 409,67 + 27,643 Cengiz ve ark.

Giineydogu 2,12 1,65 24,10 (2026)

Anadolu

Turkiye Siit ve stit ardnleri <MDA- <MDA- 20,6— H Agus (2017)

16,0 9,84 658,4
Tiirkiye, Elaz1g Sebzeler 0,64 + 0,65 + 13,98 + 20,00 Canbazoglu ve
0,26 0,14 1,22 Dogru (2013)
Tirkiye, Elaz1§g Meyveler 152+ 0,98 + 18,66 + 30,55 Canbazoglu ve
0,34 0,23 113 Dogru (2013)

Malezya Bugday, yulaf ve 56,97- 34,71- 517,05- H Salih (2018)
arpa 70,52 49,57 995,90

Suudi Arabistan Bugday ve arpa 3,91- 3,20- 139,26- 348,83° Baz ve

10,63 6,33 178,31 Alamoudi (2017)

Pakistan Bugday 1,40+ 130+ 1228+ 2169 Tufail ve ark.

0,30 0,20 231 (2010)
Suudi Arabistan Sigir ve tavuk eti 3,30- 2,48- 104,86— 150,60° Baz ve
6,37 6,49 166,47 Alamoudi (2017)
Misir Peynir - - 58 H Gomaa ve ark.
(1995)
Irak, Basra Makarna 0,72+ 097+ 209,17 + H Alsalihi ve ark.
0,39 0,99 71,12 (2017)
Urdiin Tuz 2+1 9+5 82 +57 H Shaltout ve ark.
(2017)

Not: Aktivite konsantrasyonlari, ilgili ¢alismalarda bildirilen ortalama + belirsizlik veya minimum-maksimum
degerleridir. Kargilagtirmalarda ¢aligmalarin numune hazirlama yontemleri ve yag veya kuru kiitle esaslart
dikkate alinmalidir.

! incelenen tekil gidalar icin bildirilen yillik etkin yutma dozu araligidir. Calismada incelenen biitiin gidalarin
tiiketimine bagli toplam yillik etkin yutma dozu 984,32 uSv yil™! olarak bildirilmistir.

2 flk deger ¢ocuklar, ikinci deger yetiskinler icin hesaplanan yillik etkin yutma dozudur.
3 Yetiskin tiiketim senaryosu i¢in bildirilen ortalama yillik etkin yutma dozudur.

4 22T, yalmizca siit tozu Oreklerinde 3,2-9,8 Bq kg™ araliginda belirlenmis; diger siit ve siit triinlerinde
MDA’nin altinda kalmstir.

3 Yillik etkin doz, ilgili calismada ayni gida grubunun genel tiiketim senaryosu i¢in bildirilmigtir.

“H”, yillik etkin yutma dozunun hesaplanmadigini; “-”,
ilgili radyoniiklidin raporlanmadigini; “<MDA” ise aktivitenin
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minimum dedekte edilebilir aktivitenin altinda oldugunu
gostermektedir.

Tablo 2’deki farkliliklar; cevresel kosullar, gida tiiri,
transfer ve isleme siliregleri ile oOlglim ydntemlerinden
kaynaklanabilir. Dozlar ayrica tiiketim miktari, yas ve yutma
dozu katsayilarina bagli oldugundan ¢alismalar karsilastirilirken
bu degiskenler ve kiitle esas1 dikkate alinmahidir (IAEA, 2010;
ICRP, 2012).

5. GIDA ISLEME SURECLERININ
RADYONUKLIT DUZEYLERINE ETKIiSi

Yikama, kabuk soyma, 6giitme, kurutma, kaynatma ve
sitii  peynire doniistirme gibi islemler radyoniiklitleri
uzaklastirabilir, yogunlastirabilir veya iiriin fraksiyonlari arasinda
yeniden dagitabilir. Etkinin yonii radyontiklidin kimyasal formu,
islem kosullar1 ve kiitle degisimine baglidir (Green ve Wilkins,
1996; IAEA, 2010).

Islem &ncesi ve sonrasi aktivite konsantrasyonlari tek
basina yeterli degildir; kuru madde orani, iiriin verimi ve toplam
aktivite dengesi de dikkate alinmalidir (IAEA, 2010).

5.1. Yikama, Kabuk Ayirma ve Ogiitme

Yikama ylizeye tutunan toz ve toprak parcaciklarini,
kabuk ayirma ise dis tabakalardaki aktivitenin bir boliimiinii
uzaklastirabilir. Ogiitme ve eleme, radyoniiklitlerin kepek,
ruseym ve un fraksiyonlari arasindaki dagilimini degistirir.
Islemlerin etkisi degerlendirilirken driin verimi ve kiitle kaybi
dikkate alinmalidir (IAEA, 2010; Green ve Wilkins, 1996).

5.2. Kurutma, Kaynatma ve Pisirme

Kurutma, firmlama ve kavurma sirasinda su kaybi, toplam
aktivite degismese bile birim kiitle basina aktiviteyi artirabilir.
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Radyoniiklit kayb1 veya disaridan bulasma olmadiginda kurutma
etkisi soyle ifade edilir:

Myas
Akuru - Ayas X (M)
Burada A, aktivite konsantrasyonunu (Bq kg); m, {iriin
kiitlesini (kg); yas ve kuru alt indisleri ise kurutma oncesi ve
sonrast durumlari gosterir. A¢ik havada kurutmada yiizeye ¢oken
toz da sonucu etkileyebilir. Kaynatmada ise suda ¢06ziinen
fraksiyonlar pisirme suyuna gegebilir; suyun dokiilmesi alimi
azaltabilirken yemekle tiiketilmesi bu katkiyr korur (Green ve
Wilkins, 1996).

5.3. Siitiin Peynire Doniistiiriilmesi

Peynir iiretiminde pihtilastirma ve siizme, radyoniiklitleri
piht1 ile peynir alt1 suyu arasinda dagitir. Dagilim, radyoniiklidin
slit proteinleri ve ¢oziinmiis bilesenlerle etkilesimine baghdir.

Siit ve peynir karsilastirmalarinda kullanilan siit miktari,
peynir verimi, nem orani ve peynir altt suyuna gecen aktivite
birlikte degerlendirilmelidir (IAEA, 2010).

Kurutma Kaynatma Peynir Uretimi

Sekil 3. Gida isleme siireclerinin dogal radyoniiklitlerin aktivite
konsantrasyonu ve dagilim iizerindeki olasi etkileri.
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5.4. Isleme Etkisinin Degerlendirilmesinde Temel
Ilkeler

Isleme etkisi, ayn1 partiye ait ham ve islenmis iiriinlerin
aktivite konsantrasyonlari, kiitle ve nem degisimleri, kullanilan
su ve katkilar 1ile yan irlinlere gecen aktivite birlikte
degerlendirilerek belirlenmelidir. Sonuglarda yas veya kuru kiitle
esast belirtilmeli, iiriin verimi ve toplam aktivite dengesi dikkate
alinmalidir (Green ve Wilkins, 1996). Tuketiciye yonelik doz
degerlendirmesi ise porsiyon miktar1 ve tiketim sikligina
dayanmalidir.

6. GIDA TUKETIMINE BAGLI iC DOZ

Gida tiiketimine bagh i¢ doz; aktivite konsantrasyonu,
tiketim miktari, yas ve radyoniiklide 0©zgl yutma dozu
katsayisina baglidir. Aktivite konsantrasyonu tek basina
maruziyetin gostergesi degildir.

Az tiiketilen yliksek aktiviteli bir iirlin, yaygin tiiketilen
diistik aktiviteli bir temel gidadan daha az doz katkis1 saglayabilir.
6.1. Yilik Radyoniiklit Almi ve Etkin Yutma Dozu
Yillik radyoniiklit alim1 agsagidaki esitlikle hesaplanir:
[;=A;XC
Burada I;, i radyoniiklidinin yillik alimin1 (Bq yil™!); A,

gidadaki aktivite konsantrasyonunu (Bq kg™); C ise yillik tiiketim
miktarmni (kg yil™!) gosterir (IAEA, 2022).

Tiiketim verileri miimkiin oldugunda bolgeye ve yas
grubuna 6zgli olmalidir. Ulusal arz verileri gida kayiplart ve
bireysel  farkliliklar  nedeniyle gergek  tiiketimi  tam
yansitmayabilir (IAEA, 2022).
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Yillik etkin yutma dozu asagidaki esitlikle hesaplanir:
Eing = z (Al X C X DCFl)
i

Burada Eing, yillik etkin yutma dozunu (Sv yil™'); DCFj,
radyontiiklit ve yas grubuna 6zgli yutma dozu katsayisini (Sv
Bq™); 1ise radyoniiklidi gosterir. Katsayilar sindirim sisteminden

emilimi, viicut i¢i dagilimi ve biyolojik uzaklastirmay1 dikkate
alir (ICRP, 2012).

40K aktivitesi gidalarda cogunlukla yiiksek olsa da birim
aktivite bagina doz katsayis1 *°Ra ve ?**Th'ye gore daha diisiiktiir

(ICRP, 2012). Bu nedenle her radyoniiklidin doz katkis1 ayr1
hesaplanmalidir.

6.2. Gida Gruplarmin Toplam Doza Katkisi

Tahil ve siit iiriinleri ytliksek tiiketimleri nedeniyle toplam
doza onemli katki saglayabilirken baharatlarin diisiik tiiketimi,
yiiksek aktiviteye ragmen doz katkisini sinirlayabilir (Bilgici
Cengiz ve Caglar, 2022; Cengiz ve ark., 2026). Bu nedenle gida
izleme c¢alismalarinda oOncelikler; aktivite konsantrasyonu,
bolgesel tiikketim miktari, tiiketim siklig1 ve hassas yas gruplari
birlikte dikkate alinarak belirlenmelidir.

6.3. Yasa Bagh I¢ Doz Farkhhklari

Yasa bagh i¢ doz farkliliklari, tiiketim miktar1 ve yutma
dozu  katsayillarmin  degismesinden  kaynaklanir.  Bazi
radyoniiklitlerin doz katsayilar1 ¢ocuklarda daha yiiksek olsa da
nihai doz tiiketim miktarina da baglidir. Bu nedenle her yas grubu,
kendisine uygun tiiketim verileri ve doz katsayilariyla ayri
degerlendirilmelidir (ICRP, 2012; Bilgici Cengiz ve ark., 2025).
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6.4. I¢ Doz Sonuclarmin Yorumlanmasi

Hesabin kapsadigi iiriinler ve maruziyet yollar1 acikga
belirtilmeli; sinirli sayidaki iirliniin dozu biitiin beslenmenin
toplam i¢ dozu olarak sunulmamalidir.

Gida kaynakl i¢ doz, dis ortam gama dozundan farkhidir.
Toprak ve yapi malzemeleri i¢in gelistirilen dis doz esitlikleri
gida tiiketimine uygulanmamahidir (UNSCEAR, 2000; ICRP,
2012).

7. RADYOLOJIK RiSKIiN
DEGERLENDIRILMESI VE YORUMLANMASI

Etkin doz dogrudan bir saglik sonucu degil, farkl
maruziyetlerin stokastik etkilerini karsilagtirmak icin kullanilan
bir radyasyondan korunma biiytikligidiir (ICRP, 2007).

Yasam boyu doz ve kanser riski yararli karsilagtirma
gostergeleri olsa da sabit tliketim, yasam siiresi ve diisiikk doz
modeli gibi varsayimlar igerir.

7.1. Yasam Boyu Etkin Doz ve Kanser Riski

Yillik etkin yutma dozundan yasam boyu etkin doz ve
yasam boyu ek kanser riski asagidaki esitliklerle tahmin edilir
(Bilgici Cengiz ve Caglar, 2022):

Dyasam = Eing xT

ELCR = E;

ing X T X RF

Burada Dyasam yasam boyu etkin dozu (Sv), Eing yillik
etkin yutma dozunu (Sv y1l™"), T maruziyet siiresini (yil), RF ise
nominal risk katsayisini (Sv!) gdsterir. RF’nin kaynagi ve temsil
ettigi saglik sonucu belirtilmelidir (ICRP, 2007). Bu yaklagim
yilik dozun sabit kaldigin1 varsayar; daha gergekci
hesaplamalarda yasam evreleri ayri1 degerlendirilir. ELCR,
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bireysel hastalik tahmini degil, varsayimlara dayali bir
karsilagtirma gostergesidir.

7.2. Risk Hesaplarmin Smirhliklar: ve Yasa Bagh
Degerlendirme

Risk tahminleri; aktivite, tlketim, maruziyet suresi ve doz
katsayilarma iligkin varsayimlardan etkilenir. Dogrusal esiksiz
model radyasyondan korunmada kullanilsa da diisiik doz
risklerinin epidemiyolojik olarak gosterilmesi glctiur (ICRP,
2007; UNSCEAR, 2012). Cocuk—yetiskin karsilastirmalari yasa
O0zgli tliiketim ve doz Kkatsayilarina dayanmali; ¢ocukluk

doneminin yillik dozu tiim yasam siiresine uygulanmamalidir
(ICRP, 2012).

Halk i¢in y1llik 1 mSv etkin doz sinir1, giinliik gidalar i¢in
dogrudan bir giivenlik limiti degildir. Bu degerin altinda veya
istiinde olmak, tek basma kesin giivenlik ya da saglik etkisi
gostergesi olarak yorumlanmamalidir (ICRP, 2007; IAEA, 2022).

7.3. Dogal Potasyumun Ozel Durumu

40K, viicuttaki miktar1 fizyolojik olarak diizenlenen dogal
potasyumun radyoaktif izotopudur (UNSCEAR, 2000).
Gidalardaki yiiksek aktivitesi tek basma yiiksek risk anlamina
gelmez; tiketim miktar1 ve doz katsayisiyla birlikte
degerlendirilmelidir (ICRP, 2012). Risk degerlendirmesi,
maruziyeti karsilagtirmay1, hassas gruplari ve izleme 6nceliklerini
belirlemeyi amaglar.

8. YONTEMSEL SINIRLILIKLAR VE
ARASTIRMA GEREKSINIMLERI

Dogal radyoniiklitlerin dl¢iimii ve radyolojik risk hesabi
orneklemeden tiiketim verisine kadar birbirini izleyen asamalar
icerir. Baslica belirsizlik kaynaklart ve azaltma yaklasimlari
Tablo 3'te 6zetlenmistir.
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Tablo 3. Gidalarda dogal radyoaktivite ve radyolojik risk
degerlendirmesindeki bashca belirsizlik kaynaklar

Degerlendirme | Belirsizlik Sonug iizerindeki olas1 Onerilen yaklagim
asamasi kaynagi etkisi
Numunelerin Radon kayb1, 2'4Pb ve N
o aTa: B umuneler radon
yetersiz stire Bi lizerinden SlZdll’malegl
226
Radyoaktif Ve)(/ia rado? _ Zlfs'a Pla“.ar? d}"{aﬁk dogrulanmig kaplarda
denge srdirmazigl tivitesinin dus yeterli siire bekletilmeli
saglanmamis tahmin edilmesine neden e denee kosullart
kaplarda olabilir (Benke ve ranorl ag}l mahs A
bekletilmesi. Kearfott, 2000). P :
Dedektorv Aktivite Uygun gama pikleri
¢Oziintirligi, Konsantrasvonlarmnm secilmeli, arka plan
Gama pik girigimleri, belirsizli“i};rtabilir veva katkis1 ¢ikarilmali ve
spektrometrisi diisiik saymm 18! ¥ miimkiinse birden fazla
TGS radyontiklitler hatali S .. -
istatistigi ve tanimlanabilir pik degerlendirilmelidir
arkaplan ) (Bilgici Cengiz, 2020).
Kalibrasyon ve : .
numune Foto-pik verimi ve Kallbrasyon,_ numunenin
. - kap geometrisi, dolum
. arasindaki hesaplanan aktivite . ) .
Verim - yiiksekligi ve matris
- geometri, konsantrasyonu A
kalibrasyonu - . - Ozellikleriyle uyumlu
yogunluk ve sistematik olarak
- ) yapilmaldir (IAEA,
matris degisebilir. 2004)
farkliliklar1 )
Ulusal Bolgeye ve yas grubuna
ortalamalarmn 0zgu tiketim verileri
bolgesel, yasa Yillik etkin yutma dozu kullanilmals; ortalama
Tiketim verileri | bagh ve yiikksek | oldugundan diisiik veya ve yliksek tlketici
tuketici yiiksek hesaplanabilir. senaryolar1 ayri
davraniglarini degerlendirilmelidir
yansitmamast (IAEA, 2022).
Yas grubuna ) Giincel ve yasa 6zgili
veya I¢ doz ve yas gruplari yutma dozu katsay1lar
Doz katsavilar radyoniiklide arasindaki kullanilmali; veri
y uygun olmayan karsilastirmalar hatali kaynag1 agik¢a
katsayilarin olabilir. belirtilmelidir (ICRP,
secilmesi 2012).
Yasam evrelerine dayalt
Sabit tiiketim, Yasam bovunca degisen hesaplama yapilmali ve
Yagam boyu sabit yillik doz Y asam boyu 1y risk modelinin
- tilketim ve doz kosullar1
risk ve tek yasam 67 ardi edilebilir varsayimlar1
stiresi varsayimi & ' aciklanmalidir (ICRP,
2007, 2012).
Olgiim belirsizlikleri
S;lylm, arka Aktivite bellrllenm;ell \I/(e.hgta
Olgiim plan, verim konsantrasyonunun yaytimiy'a activite
belirsizligi Kalibrasyonuve | 1 i lisi cksik tahmin | <OnSantrasyonunun
g numune kiitlesi | d”ebi”rg birlesik belirsizligi
belirsizlikleri ' hesaplanmalidir (IAEA,
2004).

Bu belirsizlikler aktivite konsantrasyonundan yasam boyu
risk hesabina kadar biitiin zinciri etkiler. Yontem, varsayimlar ve
belirsizlikler sayisal sonuglarla birlikte raporlanmalidir.
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8.1. Gelecekteki Arastirma Gereksinimleri

Gelecek calismalar; eslestirilmis toprak—bitki—yem—
hayvansal {iriin analizlerine, gida islemede aktivite dengesine ve
yasa 0zgl tiiketim verilerine odaklanmalidir. Standart 6l¢iim ve
raporlama yo6ntemleriyle ydratilen uzun donemli izleme,
laboratuvarlar arasi karsilastirmalar ve belirsizlikleri igeren doz
hesaplar1 6nceliklidir. Tiirkiye’ye 6zgii ulusal bir radyolojik gida
veri tabani, sonuglarin karsilastirilabilirligini giiclendirecektir.

9. SONUC

Dogal radyoniiklitlerin gida zincirine transferi; toprak
Ozellikleri, biyoyararlanabilirlik, bitki tiri ve hayvan
metabolizmasinin ortak etkisine baghdir. Gida isleme nihai
aktiviteyi uzaklastirma, yogunlasma ve yeniden dagilim yoluyla
degistirebilir. I¢ doz, aktiviteyle birlikte tiiketim miktar1 ve yasa
0zgill doz katsayilariyla belirlenirken yasam boyu risk tahminleri
model varsayimlari ¢cergevesinde yorumlanmalidir.

Eslestirilmis Ornekleme, isleme Oncesi ve sonrasi
analizler, bolgeye ve yasa Ozgii tiiketim verileri ile nicel
belirsizlik degerlendirmeleri, topraktan sofraya transferin ve
tiiketici maruziyetinin daha giivenilir bi¢imde ortaya konulmasini
saglayacaktir.
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THE RELATIONSHIP BETWEEN RADON GAS
EMISSION AND EARTHQUAKES

Selcen UZUN DURAN!

1. INTRODUCTION

Radioactivity is the process by which unstable atomic
nuclei transform into other nuclei without any external input of
energy, emitting alpha particles, beta particles or gamma rays.
The ionizing radiation released in this process has enough energy
to remove electrons from atoms as it interacts with matter. Most
of the radiation to which humans are exposed comes from natural
sources (UNSCEAR, 2008). Naturally occurring radioactive
materials in soil, rocks, water and air, together with cosmic rays
from space, continuously expose all living organisms to both
external and internal irradiation. For this reason, determining
environmental radioactivity levels is important for protecting
public health and is also widely used as a tool in the earth
sciences.

Among natural radiation sources, radon gas, which forms
in the uranium decay chain, holds a special place. Radon is one
of the largest contributors to the natural radiation dose received
by humans (UNSCEAR, 2008). Because it may respond to stress,
crack formation and fluid movement in the Earth’s crust, it has
also long been studied in earthquake precursor research. This
study aims to review research conducted in Turkiye and
worldwide on the relationship between radon emission and

1 Dog. Dr. Karadeniz Technical University, ORCID: 0000-0003-4943-4654.
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earthquakes, and to set out the potential and limitations of this
relationship in light of the current literature.

2. RADON

Radon is a colorless, odorless and tasteless noble gas with
atomic number 86. Its melting point is -71 °C and its boiling point
Is -61.7 °C. Radon is formed by the decay of naturally occurring
radioactive elements in rocks, soil and water, and it has three
natural isotopes: ???Rn (radon) from the #**U series, ??°Rn (thoron)
from the 2**Th series and 2'°Rn (actinon) from the #°U series
(Sandikcioglu Giimiis, 2024; Woith, 2015). The half-lives of
these isotopes are 3.82 days, 55.6 seconds and 3.96 seconds,
respectively. Actinon has a very short half-life, and the 2sU/?**U
ratio in natural uranium is only 0.00725. As a result, its
concentration in air is negligibly low (Yesilbag, 2008).

The distribution of radon in the environment is closely
related to the geological structure of a region. Radon produced in
rocks reaches the surface either directly as a gas or dissolved in
groundwater, and the average radon concentration in the
atmosphere is about 0.1 pCi/L (Ozmen, 1995). Radon can be
transported over relatively long distances mainly in aqueous
media. Because its solubility in water decreases markedly with
rising temperature, cold and lukewarm waters generally contain
more radon (Ozmen, 1995).

In the open atmosphere, radon remains at low levels that
depend on weather conditions. In enclosed spaces, however, it
can accumulate to high concentrations, which makes it a
significant indoor pollutant (Kulali, 2009). Since people spend
about 90% of their time indoors, this poses a serious exposure
problem. Most of the radon in buildings comes from the soil and
rocks beneath them. Because the pressure of soil gas is usually
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higher than the indoor air pressure, radon seeps indoors through
cracks and openings in floors and walls (WHO, 2009).

3. THE EARTHQUAKE-RADON
RELATIONSHIP

Efforts to forecast earthquakes rely largely on observing
precursory phenomena that appear before an earthquake. The
main ones include ground deformation, changes in seismic wave
velocities, and variations in the geomagnetic field and
groundwater level. However, because the physical mechanisms
of earthquakes and their precursors are still not fully understood,
these methods remain largely empirical. In recent years,
anomalies in geogases such as helium, hydrogen and carbon
dioxide have also been monitored in earthquake-prone regions;
among these gases, radon has stood out because it is easy to detect
and has become one of the main focal points of earthquake
precursor research (Immeé & Morelli, 2012).

Of the three naturally occurring isotopes of radon, 22Rn,
220Rn (thoron) and ?'°Rn, the ?*?Rn isotope, which is produced by
the decay of ??°Ra and has a half-life of 3.8 days, is the most
important in these studies because it is long-lived enough to be
transported from soil and rocks to the surface (Diaz & Liza, 2025;
Oh & Kim, 2015).

The distribution of radon in the environment does not
depend on tectonic processes alone. Environmental variables
such as the mineralogical composition of rocks and soil, their
uranium and radium content, porosity and permeability,
groundwater movement, and atmospheric pressure, temperature,
precipitation and humidity can all affect radon concentration
(Planini¢ et al., 2004; Woith, 2015; Zmazek et al., 2003).
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The idea that changes in the concentration of radon, which
reaches the surface from rock and soil pores by diffusion or via
carrier fluids (groundwater and gases such as CO: and CHa), may
be related to stress and deformation processes in the Earth’s crust
became a focus of international research after a threefold increase
was observed in a deep well before the 1966 Tashkent earthquake
(Ulomov & Mavashev, 1967; Woith, 2015). Since then, radon has
been investigated as a possible earthquake precursor by
monitoring it in soil gas, groundwater, thermal spring water and
even indoor air.

3.1. Physical Models of Radon Anomalies

The main physical mechanisms proposed to link radon
anomalies with earthquakes are as follows:

(i) The dilatancy—diffusion model is based on the
assumption that increasing tectonic stress causes cracks in rock to
open or widen, forcing radon accumulated at depth toward the
surface (Scholz et al., 1973, as cited in Immé & Morelli, 2012).

(if) The compression model is based on the assumption
that increasing crustal compression before an earthquake
squeezes soil gas toward the atmosphere (King, 1978, 1980;
Sandikcioglu Giimiis, 2024).

(ii1) The stress corrosion model discusses the possible role
of slow crack growth driven by stress corrosion in geophysical
processes. In the radon—earthquake literature, this approach has
been used to establish a possible link between slow crack growth
and radon transport, particularly in water-saturated rocks
(Anderson & Grew, 1977).

(iv) Mathematical transport models and empirical criteria:
Imme and Morelli (2012) also formulated radon transport using
mathematical diffusion equations such as the “plane sheet model”
and the “infinite source model,” and compiled various empirical
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formulas from the literature for estimating the magnitude—time-
distance relationship (Dobrovolsky et al., 1979; Martinelli, 1992;
Rikitake, 1987). For example, according to the formula of
Dobrovolsky et al. (1979), the maximum distance at which
precursory signs of an earthquake can be observed is calculated
as d = 10%4M km; this formula has been used as an earthquake
screening criterion in many subsequent studies (Inan et al., 2012;
Kim et al., 2018).

4. PREVIOUS STUDIES

Woith (2015) carried out a comprehensive review of the
literature on the radon—earthquake relationship. The study
examined 147 time series from 87 studies published between
1967 and 2014 and showed that radon anomalies were reported at
a higher rate in short observation series than in longer ones. About
75% of the time series were shorter than three years and only 19%
were longer than five years, and in roughly half of the series only
a single radon anomaly was reported. Woith also stressed that
non-tectonic processes can produce radon variations that closely
resemble tectonic anomalies. The study therefore shows that not
all anomalies reported in the literature can be attributed to
earthquake preparation processes and that long-term monitoring
and the separation of environmental and anthropogenic effects are
critical. Throughout this chapter, earthquake magnitudes are
given as reported in the original studies: My denotes moment
magnitude, My local magnitude, and M is used where the original
study did not specify the scale.

4.1. Studies in Turkiye

With its active fault systems and diverse geological and
hydrogeological settings, Turkiye has been an important study
area for investigating the radon—earthquake relationship. Various
studies on soil-gas and groundwater radon have been conducted,
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particularly along the North and East Anatolian fault systems and
in the active fault zones of Western Anatolia (Erees et al., 2007;
Friedmann et al., 1988; incedz et al., 2006). While these studies
indicate that radon distribution may be related to fault zones, they
also show that radon variations cannot be explained by tectonic
processes alone.

Inan et al. (2012) carried out continuous soil-gas radon
measurements for more than three years at three stations in the
Eastern Mediterranean Region of southern Tulrkiye and showed
that radon values exhibit marked seasonal variations. Radon
values were found to be higher between May and October and
lower between November and April. The researchers emphasized
that evaluating precipitation data together with radon data makes
it easier to interpret anomalies and that, in long-term
measurements, it is important to establish the characteristic
baseline behavior of each station. The study stated that seasonal
and meteorological variability should be determined before radon
anomalies are linked to earthquakes.

Sac et al. (2011) monitored soil-gas radon at four stations
along the Tuzla Fault in western Turkiye and used an online
continuous measurement system at one of them. Measurements
obtained with LR-115 nuclear track detectors were compared
with regional seismic data, and the researchers reported a linear
relationship between radon emission and seismic activity in the
study area. This result is important in showing that continuous
radon monitoring in a particular active fault zone can be evaluated
together with seismic activity; however, it was noted that caution
is needed in generalizing the findings directly to other regions
because they pertain to a specific study area.

In a study conducted by incedz et al. (2006) on the North
and East Anatolian active fault systems, the distribution of soil-
gas radon was examined using CR-39 solid-state nuclear track
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detectors. The study reported that radon concentrations over the
fault zones were higher than in the surrounding areas and that
radon values decreased markedly with distance from the fault
line. This finding indicates that active fault zones may behave
differently in terms of radon transport and that the position of the
measurement point relative to the fault is important for
interpreting the results.

Baykara and Dogru (2006) measured radon and radium in
various water samples and uranium in soil samples along the
North and East Anatolian fault systems. The study determined
radon and radium levels and radon exhalation rates in the water
samples and also examined uranium concentrations in the soils.
Rather than being a direct test of earthquake precursors, this study
contributes to characterizing the geological and hydrogeological
distribution of radon in active fault systems.

Yalim et al. (2012) monitored groundwater radon
concentrations at two-week intervals between August 2009 and
September 2010 in four wells on the Aksehir—Simav Fault System
in Afyonkarahisar and investigated the relationship between
radon anomalies and earthquake magnitude. Anomalous
decreases in radon concentration were observed in the wells
before earthquakes of magnitude My 2.6-3.9. The R2 values for
the relationship between radon minima and earthquake magnitude
in the four wells were 0.79, 0.93, 0.98 and 0.90, respectively. The
researchers interpreted these results as indicating that
groundwater radon at measurement sites with suitable
hydrogeological conditions may be sensitive to strain changes in
the crust. Nevertheless, because the study was based on four wells
and an observation period of about one year, and because the
earthquakes examined were relatively small, it was noted that
longer-term observations are needed to establish whether the
relationship can be generalized to larger earthquakes and different
hydrogeological settings. In addition, given that the high R?
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values rely on a limited number of earthquakes for each well, the
statistical reliability of these coefficients needs to be tested with
larger data sets.

Groundwater radon monitoring can reveal anomalies that
differ from those found in soil-gas measurements. Sandikcioglu
Glimiis (2024) measured radon in six deep water wells on the
Aksehir—Simav Fault System for 24 months and reported that
before some earthquakes the radon concentration dropped below
the background level and then returned to the background level
or rose above it. This behavior, described in the literature as a “V-
shaped” anomaly, has been associated with earlier studies in
Taiwan (Kuo, 2014); however, it was noted that this pattern did
not appear clearly in Sandikcioglu Glimiis’s own measurements.
The study obtained high correlation coefficients (R2 = 0.82-0.97)
between radon minima and earthquake magnitude in all six wells.
Nevertheless, the fact that radon anomalies were not observed in
every well before every earthquake, and that some anomalies
were not followed by any earthquake, shows that the observed
relationship is not sufficient on its own for earthquake prediction.
Thus, while the study shows that changes in groundwater radon
may be related to earthquake processes, it also highlights the
importance of long-term monitoring and of considering other
hydrogeological parameters when evaluating this relationship.

Keskin and Kiilahc1 (2023) examined soil ??Rn variations
before the My 4.2 Sivas—Susehri earthquake, which occurred on
the North Anatolian Fault Zone in 2007, together with earthquake
activity and atmospheric total electron content (TEC). The study
investigated the relationship between radon concentration and
microseismic activity and also included meteorological variables
in the analysis, such as soil temperature at depths of 5, 10, 20 and
50 cm, vapor pressure, and wet-bulb and dry-bulb temperatures.
The researchers reported that relative radon concentration and
TEC increased together as the main shock approached and that

102



Fizik Alaninda Giincel Konular ve Akademik Degerlendirmeler

radon was correlated with some of the meteorological variables.
In addition, they aimed to forecast future radon concentrations
using an ARIMA(4,1,3) model. The study is noteworthy for
evaluating the radon—earthquake relationship not only through the
radon time series but also by combining seismic, atmospheric and
statistical time-series data. Nevertheless, the validity of the
relationships it reports for other earthquakes and regions needs
further investigation.

Taken together, the studies conducted in Turkiye show
that the radon—earthquake relationship cannot be explained by a
single type of observation. Soil-gas measurements can provide
information on the characteristics of fault zones, long-term
continuous monitoring highlights the importance of seasonal and
meteorological variations, and groundwater studies require radon
behavior to be evaluated in light of hydrogeological conditions.
The Turkish literature therefore shows that, for radon to be used
in earthquake research, the characteristics of the measurement
setting, long-term baseline variability and environmental effects
must all be considered together.

4.2. Studies in Other Countries

Liu et al. (2025) is one of the recent studies that
quantitatively examine the physical mechanisms of earthquake-
related changes in groundwater radon. The researchers jointly
analyzed radon concentration, water discharge and water
temperature data from the Banglazhang #1 hot spring in the
Yunnan region of China after the 1996 Lijiang (Mw 7.0) and 2004
Sumatra (Mw 9.1) earthquakes. The analysis showed that
meteorological factors were not the main cause of the changes in
radon concentration. The main mechanism of the radon change
after the Lijiang earthquake was found to be a change in the
mixing ratio of waters from different depths, whereas after the
Sumatra earthquake, radon release through the movement of rock
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particles may also have played a role in addition to the change in
mixing ratio. The water—rock interaction surface area after the
Sumatra earthquake was calculated to have increased from
approximately 7 x 10* m? to 1.85 x 10° m?. The main conclusion
of the study is that the joint evaluation of discharge, water
temperature and radon data can provide a stronger basis for
explaining earthquake-induced hydrological changes. The
researchers therefore stress that multiparameter monitoring is
necessary for earthquake-related radon signals to be evaluated
accurately and in a timely manner. It should be borne in mind,
however, that the study examined post-earthquake rather than
pre-earthquake radon changes; it therefore contributes to
understanding the mechanisms of earthquake-related radon
changes rather than serving as a direct test of precursors.

Oh and Kim (2015) took a different approach to the
radon—earthquake relationship by monitoring *Rn and ?*°Rn
(thoron) together in a limestone cave in South Korea. They noted
that, because #*°Rn has a half-life of only 55.6 seconds, it is less
affected by environmental factors and may allow short-range
radon variations to be tracked. The researchers monitored *°Rn
and 22Rn concentrations in the cave air for one year and observed
unusually high ?*°Rn peaks in February, before the 2011 Tohoku-
Oki earthquake (Mw 9.0). By contrast, high ?22Rn values were
found both in February and during the summer. The researchers
suggested that the ??Rn and ?*°Rn anomalies observed in February
may have been precursory signals related to the Tohoku-OKi
earthquake. The study shows that monitoring the 2’Rn—?2Rn
isotope pair together, rather than 22Rn alone, can provide
additional information for distinguishing changes caused by
environmental effects and for evaluating radon anomalies with
respect to earthquake processes.

To examine the radon-earthquake relationship in an
indoor setting, Kim et al. (2018) carried out continuous indoor
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radon measurements between February 2016 and January 2017 in
a building of Dongguk University in Gyeongju, South Korea.
Measurements were made at 30-minute intervals with a RAD7
detector in the Energy Engineering Hall, on the ground floor of
the building, following the EPA measurement protocol. The study
focused in particular on the M 5.1 and M. 5.8 earthquakes of 12
September 2016 and their aftershocks. The researchers reported
that, when the interval between successive earthquakes was long
enough, indoor radon concentrations showed similar patterns of
sudden increase and decrease around the earthquakes. In some
events, this pattern consisted of a sudden rise in radon
concentration 1-4 days before the earthquake, followed by a
gradual decline before the earthquake and a sudden drop on the
day of the earthquake. The study noted, for example, that the
pattern was more pronounced when successive earthquakes were
about three days apart.

Reddy and Nagabhushanam (2011) monitored
groundwater electrical conductivity (EC), groundwater level and
soil-gas radon hourly for about a year in the Koyna—\Warna region
of India, which is known for reservoir-triggered seismicity. They
examined the responses to the M 4.7 (14 November 2009) and M
5.1 (12 December 2009) earthquakes and found that EC changes
varied from well to well and from one earthquake to the other.
For example, in the Govare well a change began about 40 hours
before the M 5.1 earthquake, whereas no clear precursory signal
was detected in the Koyna well only 4 km away. Soil-gas radon,
by contrast, behaved similarly for both earthquakes. It began to
rise about 20 days in advance and then fell during the earthquakes
by about 30% for the M 4.7 event and about 50% for the M 5.1
event. The researchers attributed the radon anomalies to the
opening and closing of microcracks. The fact that wells so close
together responded differently indicates that the anomalies may
be sensitive to local geological and hydrogeological conditions.
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In long-term monitoring in Amritsar, India, Ramola et al.
(1990) reported that soil-gas radon was strongly correlated with
temperature, pressure, wind, precipitation and humidity.
Nevertheless, sudden radon increases were also observed during
periods of normal meteorological conditions. Some of these were
followed by earthquakes of magnitude M 3.8-5.7 that occurred
150-400 km away in 1986-1987. The authors emphasized that
there were also anomalies that could not be linked to earthquakes.
They stated that objective criteria need to be developed to remove
meteorological effects and instrumental artifacts.

Nikolopoulos et al. (2024) reviewed some 40 years of
research on electromagnetic and radon precursors in a
comprehensive review. According to the authors, radon is one of
the longest-used precursors in earthquake research. Because it is
inert and can be transported over long distances, it may also offer
an advantage for monitoring distant earthquakes. The review
notes that anomalies are still mostly identified visually or with the
+26 criterion. In recent years, however, methods such as natural
time analysis, DFA, fractal dimension, the Hurst exponent and
entropy-based approaches have become more common. The
authors stress that, because every earthquake is unique, it is
difficult to build a universal model. They also point out that the
retrospective identification of most precursors after the
earthquake has occurred is a major limitation.

Planini¢, Radoli¢ and Vukovi¢ (2004) monitored soil-gas
and well radon with LR-115 detectors at five sites in Croatia for
four years (1998-2002), together with barometric pressure,
precipitation and temperature. Meteorological effects were
modeled by multiple regression (R2 = 0.46; F = 6.17 > 3.71, p <
.05). The variations remaining after these effects were removed
were evaluated as anomalies. Of the 26 earthquakes of magnitude
M 2.5-4.5 recorded during this period, 58% were reported to be
recognizable from radon anomalies, as were all earthquakes with
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M > 3 located within 200 km. A key strength of the study is that
meteorological effects were removed statistically before
anomalies were defined. However, because the false alarm rate
was not reported, the 58% recognition rate alone does not reflect
the method’s predictive success.

Ghosh, Deb and Sengupta (2009) evaluated studies
worldwide on the use of radon in earthquake research in a
comprehensive review. Along with radon anomalies observed in
soil gas, groundwater and spring water, the review covers various
empirical and theoretical models developed to explain the
relationships between radon anomalies and earthquake
magnitude, epicentral distance and precursor time. The review
also includes the Turkish studies of Friedmann et al. (1988) and
Incedz et al. (2006). In this respect, it is a useful source for
assessing the development of the literature, as it brings together
different observational findings and modeling approaches to the
radon—earthquake relationship. For a case study on the use of
radon as an earthquake precursor in the northwestern Himalayan
region of India, see also Walia et al. (2005).

Zmazek et al. (2003) used various regression methods to
predict soil-gas radon measured at three stations in the Krsko
Basin of Slovenia from barometric pressure, air and soil
temperature and precipitation. Of these methods, model trees
performed best. During seismically quiet periods, radon could be
predicted from environmental parameters with a correlation
above 0.8. About 1-7 days before earthquakes of M 0.8-3.3,
however, the agreement between measured and predicted values
deteriorated markedly. In this approach, an anomaly is defined
not as an increase in radon but as a drop in the model’s predictive
performance. Indeed, radon increased before some earthquakes
and decreased before others. The authors emphasized that longer
observations are needed to explain this differing behavior and its
relationship with magnitude.

107



Fizik Alaninda Giincel Konular ve Akademik Degerlendirmeler

Alam et al. (2020) examined the effect of the 12 May 2008
Wenchuan earthquake (Mw 7.9) on groundwater radon at nine
stations. Hurst analysis showed that the series were persistent (0.5
< H < 1) rather than random. Anomalies were identified with the
+20 criterion on the residual signal obtained by removing the
seven-day moving average. Anomalies were observed at seven
stations near the earthquake as well as at two stations about 1,550
km from the epicenter. At these distant stations, the anomalies
appeared 11-15 days before the earthquake. The study also
reported a decrease in GPS-TEC data over the epicenter and
interpreted this as possible support for the Lithosphere—
Atmosphere—lonosphere Coupling (LAIC) model. The authors
stated that their findings suggest radon may be a promising tool
in earthquake prediction research.

5. CONCLUSION

The idea that radon could serve as an earthquake precursor
became a subject of international research after a marked increase
in radon was observed in a deep well before the 1966 Tashkent
earthquake, and it has since given rise to a body of literature
spanning some sixty years. During this period, radon has been
monitored in a variety of settings, including soil gas,
groundwater, thermal springs and indoor air, and researchers have
investigated whether changes in radon concentration are related
to stress, deformation, crack formation and fluid movement in the
Earth’s crust. Existing studies show that, under certain geological,
hydrogeological and tectonic conditions, radon anomalies can be
linked temporally or spatially to some earthquakes. However, it
has not yet been demonstrated that this relationship is strong
enough to support a generalizable and reliable early warning
system.
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One of the main reasons for this uncertainty is that radon
concentration is influenced by many environmental and physical
factors. In addition to meteorological conditions, geological
structure, permeability, groundwater movement and the
characteristics of the measurement setting can also cause
variations in radon concentration. In some cases, these variations
can resemble anomalies thought to be earthquake-related.
Therefore, attributing an increase or decrease in radon
concentration to an earthquake on that basis alone is not
sufficient. Considerable uncertainty arises particularly from
short-term measurements and from retrospectively matching a
single anomaly with a specific earthquake that occurred later.
Long-term measurements, by contrast, provide a stronger basis
for establishing the normal radon behavior of a region and for
evaluating unusual variations more reliably.

Some studies in the literature report high correlation
coefficients or high recognition rates. However, many of these
results are based on a small number of stations, short observation
periods and a limited number of relatively small earthquakes.
Consequently, although these findings are meaningful for the
specific measurement sites concerned, they cannot be directly
generalized to other regions or to larger earthquakes.

Taken together, the studies in the literature indicate that
more reliable results can be obtained when radon data are
considered together with the characteristics of the measurement
setting and other independent variables. In studies of groundwater
and thermal springs in particular, evaluating radon variations
together with water temperature, discharge, water level and other
hydrogeochemical parameters helps clarify the likely source of
the observed anomalies. In this way, rather than being attributed
directly to a tectonic process, a change in radon concentration can
be evaluated alongside other physical and hydrogeological
changes occurring during the same period.
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In recent years, statistical methods have also become
increasingly important in radon studies. The use of methods such
as multiple regression, model trees, time-series models such as
ARIMA, the Hurst exponent and fractal analyses helps separate
meteorological and other environmental effects and allows
observed variations to be evaluated more objectively. In addition,
multiparameter approaches, such as the joint monitoring of the
radon-thoron isotope pair or the evaluation of radon together with
hydrological parameters, are increasingly common in the
literature.

In conclusion, some sixty years of research have produced
a large body of observational data pointing to a potential
relationship between radon and seismic processes. Current
findings suggest that, under suitable conditions and when
evaluated together with other independent indicators, radon can
be regarded as a geochemical indicator that may contribute to
monitoring changes in the Earth’s crust, particularly in fluid
systems. Future studies should aim to explain the physical
mechanisms that give rise to anomalies and to distinguish these
changes from environmental effects. They should also investigate
whether the findings can be reproduced in different regions and
geological settings.
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