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ABSTRACT

A transient-state thermal hydraulics analysis of the TRIGA burned core of the TRIGA Mark 
II research reactor was conducted using PARET/ANL. This study focused on calculating 
safety parameters due to large reactivity insertions at low operating power. The peak power 
and energy for the burned core were computed, whose values were found to be lower than 
those of the beginning of the cycle (BOC) core. Moreover, the safety parameters of DNBR 
and clad temperature remained well within the margins of the Safety Analysis Report 
(SAR). No nucleate boiling was observed in the hottest fuel. These findings indicate that 
the burned core can be safely utilized for pulse mode operation.
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1. Introduction

TRIGA Mark II research reactor in Bangladesh was 
commissioned in Bangladesh in 1986. The reactor 
is designed for multi-purpose use, such as training, 
education, radioisotope production and various R&D 
activities including neutron activation analysis, neutron 
scattering, and neutron radiography [1]. Having a 
water-cooled and graphite-reflected core, the reactor 
has the capacity to operate continuously at 3 MW 
(thermal). The unique feature of the reactor is its 
substantial prompt negative temperature coefficient 
that can control the reactor before its engineering 
control system is active. The TRIGA reactor comprises 
100 fuels, including 5 fuel follower control rods and 
2 instrumental fuel elements. The fuel is arranged 
in a hexagonal array in the reactor core shroud that 
distributes fuel efficiently and utilizes space optimally. 
TRIGA reactors offer operational flexibility by 
functioning in both steady and transient states, notably 
featuring a unique pulse mode, and while they rely on 
natural convection for cooling up to 500 kW, forced 
convection is employed for operation at higher power 
levels.

Thermal hydraulics research primarily focuses on 
efficiently removing heat from the fuel under various 
operating, burnup, and core arrangement conditions 
to prevent excessive fuel temperatures, steam void 
formation, and approaching the hydrodynamic critical 
heat flux. 

The unique and extreme operating feature of TRIGA 
reactors is pulse mode that generates immense flux 
for research and training when a large amount of 

reactivity is achieved for a short period. Even at low 
energy operation, usually around 100 watts, accidental 
initiation of large reactivity, such as from control rod 
blockage, can induce pulsing. While the negative 
temperature coefficient of the reactor inherently 
controls the power, rapid generation of significant 
power in pulse mode operation can still impose 
substantial thermal and mechanical stress on the fuel 
and core.

After 38 years of operational life, the TRIGA reactor 
is no longer capable of operating in full power; It is 
now run at low power (100 watts) to support research 
only. However, even at this reduced power, there is a 
risk of large pulsing if sufficient reactivity is suddenly 
introduced. Furthermore, the extensive burnup of 
fuel elements from fission reactions has altered the 
axial and radial fuel composition as the core has 
already experienced 800 MWDs (Mega Watt Days) 
of operation life. This change directly impacts the 
power peaking factor and heat transfer coefficients. 
As the core continues to experience burnup, thermal 
hydraulics parameters like fuel temperature and DNBR 
(Departure from Nucleate Boiling Ratio) - defined as 
the ratio of the critical heat flux to the heat flux achieved 
in the core - could exceed safety limits. Therefore, it is 
essential to study these safety parameters specifically 
for pulse mode operation under current burnup 
conditions.

Historically, several codes have been used so far to 
calculate the thermal-hydraulic characteristics of the 
Beginning of Cycle (BOC) core of the TRIGA Mark 

   e-ISSN-2791-7185Volume:38 No:1   2025  

TURKISH  ENERGY, NUCLEAR AND MINERAL RESEARCH AGENCY

TURKISH JOURNAL OF NUCLEAR SCIENCES
E-ISSN: 2791-7185

https://dergipark.org.tr/tr/pub/tjns



2

Altaf , M. H. and Badrun, N. H. / TJNS 38(1), 1 - 4, 2025

II research reactor [2, 3]. Altaf et al. [4] conducted 
a thermal hydraulics study of the burned core using 
EUREKA-2/RR. However, EUREKA does not include 
Bernath correlation, which is suggested by General 
Atomic [5] to conduct the DNBR calculation, a crucial 
safety parameter. Moreover, no thermal hydraulics 
transient study of burned core of Bangladesh 
Atomic Energy Commission (BAEC) TRIGA has 
been performed using the PARET/ANL code, which 
encompasses a wide array of correlations, particularly 
the Bernath correlation. Therefore, safety parameters 
due to the insertion of a large amount of reactivity 
was studied in this simulation to ensure the reactor 
operates within the safety margin.

2. Calculation Method 

The PARET/ANL [6] code possess the capability to 
simulate heat transfer phenomena from the fuel element 
to the coolant when the reactor is operating. Therefore, 
the PARET/ANL code was employed to calculate the 
transient state parameters of thermal hydraulics of the 
reactor. Figure 1 illustrates the configuration of the 
existing core of the reactor. The PARET/ANL code 
was chosen due to general applicability, its simplicity 
of coding, and rapid execution. It is designed for use 
in predicting the course and consequences of non-
destructive reactivity accidents in small reactor cores. 

associated coolant in one channel and other fuel rods 
and coolant in the rest. All channels were divided into 
10 equal nodes. Table 1 represents thermal-hydraulic 
operating parameters of the TRIGA.

Figure 1. Cutaway view of TRIGA reactor
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It is a coupled neutronic-hydrodynamic heat transfer 
code employing point kinetics, one-dimensional 
hydrodynamics, and one-dimensional heat transfer. 
The kinetics equations of the point reactor ensure 
the dynamic behavior of power within the reactor 
through computational analysis. The time-dependent 
temperatures within the fuel element are computed 
using a one-dimensional heat conduction equation 
solved in axial sections. The resolution of these 
equations is accomplished by estimating the reactivity 
feedback from the initial moment until the specific point 
of interest. The feedback resulting from the expansion 
of fuel rods, the density effects of the moderator, and 
the fuel temperature effect collectively contribute 
to the overall reactivity feedback. The PARET/ANL 
model consists of a water-cooled core represented 
by a maximum of 15 fuel elements and associated 
coolant channels. In our modeling, the whole core was 
divided into two channels, keeping the hottest rod and 

Table 1. TRIGA fuel specifications.
Parameters Design Value

Fuel Element (rod type) 20% w/o U-ZrH, 19.7% enriched
Total Number of fuels in the core 100
Cladding Stainless Steel 304L
Reflector Graphite
Inlet Temperature˚C (Full Power) 40.6
Radius of Zr rod (cm) 0.3175
Fuel radius (cm) 1.82245
Clad outer radius (cm) 1.87706
Gap width (cm) 0.00381
Active fuel length (cm) 38.1
Flow area (cm2) 5.3326
Hydraulic Diameter (cm) 1.80594
Pressure (Pa) 1.60654×105

Friction Loss Coefficient 0.07
Pressure Loss Coefficient 1.81(Inlet), 2.12 (Outlet)
Pitch (cm) 4.5716
Mass flow rate, kg/m2s 3.2089×103

Coolant Velocity (cm/sec) 287.58

The power peaking factors of fuel rods and axial 
peak-to-average ratio of the hottest rod of the 700 
MWD burned core, used in this thermal hydraulics 
calculation, were determined using the Monte Carlo 
code MVP [7]. The calculation yielded the hottest rod 
factor of 1.668. Only peaking factor has been revised 
for simulating 700 MWD as no thermal properties 
have been reexamined here. Physical parameters and 
operating conditions for transient state operation for 
700MWD has been kept as same as the BOC core as 
the core arrangement is still the same. The thermal-
hydraulic calculations were carried out with a water 
inlet temperature of 40.6˚C and an inlet pressure of 
160.6 kPa, corresponding to the static pressure of 
water across the reactor channels. As per the final 
safety analysis report (FSAR), the rate of mass flow for 
coolant circulation in the downward direction stands 
at 13248 liters per minute as per FSAR [8]. For the 
current study, the thermal hydraulics safety parametric 
study due to reactivity insertion of 1.996$ and 2.24$ 
at operating power of 100 watts for 0.1 sec with 0.015 
delay time has been selected so that the results can 
be compared with already available data for the same 
condition of the BOC core conducted by Huda M Q 
[9]. Bernath correlation has been selected for DNBR 
calculation in this study.

3. Results and Discussions

3.1 Reactivity Insertion of 1.996$

Transients of reactor power, energy, minimum DNBR at 
the hottest spot of the hottest fuel, and clad temperature 
at the surface of the hottest fuel for reactivity insertion 
of 1.996$ was studied in this simulation utilizing 
PARET/ANL. As depicted in Figure 2, reactor power 
began to rise upon reactivity insertion. Although 
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expected to continue until the 0.1 second insertion 
time elapsed, a 0.015 second delay resulted in a peak 
power of 859.44 MW at 0.115 seconds. Subsequently, 
negative feedback reactivity caused power to return 
to its initial level by 0.18 seconds. The peak power for 
the same reactivity was calculated to be 873 MW in 
the BOC core by Huda M. Q. [9]. The power pulse's 
full-width half maxima was 15.8 milliseconds, further 
indicating the burned core is safer for pulse mode 
operation compared to the BOC core. Concurrently, 
core energy increased over time, initially rising slowly 
with power before accelerating significantly after 0.1 
seconds, mirroring the power curve. It reached 16.5 
MW-sec at 0.20 seconds before stabilizing.

DNBR stands out as a crucial parameter in the safety 
analysis. To prevent the most adverse combination 
of mechanical and coolant conditions within the core, 
it is imperative to maximize the value of DNBR from 
unity as outlined in the Safety Analysis Report. DNBR 
calculation over 0.40 seconds starting from arbitrary 
zero seconds for the reactivity insertion of 1.996$ 
is shown in Figure 3. The minimum DNBR over the 
transient time was found to be 1.59 over the simulation 
time, which is bigger than the SAR accepted minimum 
value of unity, ensuring the safety of the core at this 
operating condition.

compared to 144.54 °C for ERUEKA-2/RR for 2$ [10]. 
After that, the temperature decreases gradually until 
dropping down to 82.89°C at 5 seconds. No nucleate 
boiling has been found in the output file for the hottest 
fuel rod.

Figure 2. Power and Energy transient at 1.966$ reactivity 
insertion
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Figure 3. SDNBR Transient at 1.996$ reactivity insertion
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In another study, the cladding temperature of the 
hottest rod for the same reactivity insertion and 
operating power was computed. Figure 4 shows the 
cladding temperature over 5 seconds from the insertion 
of reactivity of 1.996$. It is evident from the figure that 
the cladding temperature increases sharply after the 
insertion and reaches 133.64 °C peak temperature, 

Figure 4. Temperature transient with 1.996$ reactivity 
insertion
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Figure 5. Power and Energy transient at 2.24$ reactivity 
insertion
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3.2 Reactivity Insertion of 2.24 $

Transients of reactor power, energy, minimum DNBR 
at the hottest spot of the hottest fuel, and cladding 
temperature at the surface of the hottest fuel for the 
reactivity insertion of 2.24$ was studied in another 
simulation. As depicted in Figure 5, reactor power 
began to rise upon reactivity insertion. Although 

expected to continue until the 0.1-second insertion 
time elapsed, a 0.015-second delay resulted in a peak 
power of 1385 MW at 0.15 sec. Subsequently, negative 
feedback reactivity caused power to return to its initial 
level in 0.19 seconds. The peak power for the same 
reactivity was calculated to be 1629 MW in the BOC 
core by Huda M. Q. [9]. Hence, the burned core found 
to be safer for pulse mode operation compared to the 
BOC core. The full-width half maxima of the power 
pulse was found to be 16.2 milliseconds, compared to 
15.8 milliseconds for 1.996$.

Meanwhile, the energy of the core increased steadily 
over time. It began rising with the increase of power 
from the beginning of reactivity insertion, and then 
surged after 0.1 seconds, reaching 20.4 MW-sec at 
0.22 seconds before stabilizing. It is worth noting that 
both the power and energy for the 2.24$ reactivity 
insertion were greater than those for the 1.996$ 
insertion.

DNBR calculation over 0.42 seconds after arbitrary 
zero seconds for reactivity insertion of 2.24$ is shown 
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in Figure 6. The minimum DNBR over the transient 
time was found to be 1.21 over the simulation time, 
which is less than 1.59 for a reactivity insertion of 
1.996$. However, this value is bigger than the SAR 
accepted minimum value of unity, meaning the core 
operates safely for a reactivity insertion of 2.24$ during 
100 watts operating power.
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Figure 7. Temperature transient with 2.24$ reactivity 
insertion
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Lastly, the clad temperature for this reactivity insertion 
and operating power was conducted. Figure 7 shows 
the cladding temperature over 5 seconds from the 
insertion of reactivity of 2.24$. One can observe from 
the figure that the cladding temperature increases 
sharply after the insertion and reaches 139.56°C peak 
temperature, compared to 133.71°C for 1.996$. After 
that, the temperature decreases gradually till it drops 
down to 84°C at 5 seconds, compared to 82.89°C for 
1.996$. No nucleate boiling has been observed in fuel.

Figure 6. DNBR Transient at 2.24$ reactivity insertion
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4. Conclusion

The reactivity-initiated transient analysis of the 3 MW 
TRIGA Mark-II research reactor at Savar, Dhaka, 
Bangladesh, has been evaluated using PARET/ANL. 
The study compares the thermal hydraulics parameters 
of the reactor's burned core with those of its Beginning 
of Cycle (BOC) core. The results indicate that safety 
parameters for the burned core were consistently 
lower and no nucleate boiling was observed in any 
region of the hottest fuel. These findings suggest that 
the burned core of the 3 MW TRIGA Mark-II research 
reactor is safer to operate than the BOC core. 
Furthermore, among the two reactivity insertions in 
the burned core, the reactor was found to be safer for 
low reactivity insertion. Based on these observations, 
the burn-TRIGA core can be recommended for pulse 
mode operation.
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Reliability computation of kinetic energy based Shannon Entropy for tritium 
plasma graphene interactions
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ABSTRACT

When selecting reactor building elements, it is important to consider the 
structural reliability of Tokamak fusion reactors. Fusion reactions generate 
substantial heat and energy, which can alter the structure of reactor walls, 
thereby diminishing the efficiency of energy production in reactors. The 
primary materials employed for walls in fusion reactors include tungsten, 
beryllium, and graphene, owing to their high melting points. This study 
looks at how tritium plasma ions, which have energies between 5 and 35 
keV, affect graphene wall surfaces using molecular dynamics simulations, 
and also assesses the system's Kinetic Energy using Shannon entropy 
modeling. We use this information to compute the Weibull distribution's 
reliability prediction for graphene structures.
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1. Introduction

The Population growth and rising living standards 
are increasing energy demand, a serious issue in 
this century. Most of the energy is originated from 
depleting fossils. Sustainability is the main feature that 
is required by the nuclear and renewable energy [1-
2]. Energy is created at the final stage of exothermic 
nuclear processes; fission and fusion are crucial 
nuclear processes. An unstable, big nucleus is splitted 
into two or more smaller particles that releases energy 
at the output. Fission processes are the main source 
of power in todays current most nuclear reactors of 
today. Nuclear fusion process is made up of fusing 
the several nuclei. It produces nuclear and subatomic 
particles. Energy is created as the mass changes in 
reactants and products in the process. Nuclear fusion 
process requires 100 million degrees in its process. 
That is why the nuclear fusion is preferred in the 
researches of today and future studies in which has 
an unlimited fuel worldwide. Safe fusion reactors for 
instance, produces transient radioactive waste [3-6] in 
their processes. The most famous fusion reaction is 
the process that uses tritium and deuterium. The 14 
MeV neutron from this event warms water to make 
turbine steam. Additionally, this reaction yields 3.5 
MeV He [7-9]. The produced Helium of the fusion 
product reactor is the input nuclei of the Deuterium 
and Tritium under a huge amount of heated plasma 
[10-11]. Classic thermonuclear fusion reactors use 
magnetic fields to densify the plasma. Magnetic fields 
trap plasma from the reactor's first wall. High-energy 

plasma influences barriers. The divertor zone has 
the highest attrition because magnetic field lines 
convey lower-energy plasma to the wall. Plasma-first 
wall materials and interactions are studied in fusion. 
Plasma must yield fusion helium. Helium interacts with 
divertor walls during removal [12-13]. Dying divertor 
and reactor walls discharge neutrons. Tungsten, 
beryllium, molybdenum, steel, and graphene inhibit 
tokamak reactor wall erosion. High melting point and 
atomic number make tungsten plasma-resistant [11-
13]. Nuclear fusion reactor structural reliability analysis 
is unusual in reliability literature. General studies are 
performed for nuclear fission reactors as in structural 
reliability analysis. For instance [14] examines nuclear 
fission power plant structural system and component 
structural analysis with probabilistic analysis methods 
in determining the longevity, dependability, and 
danger. This source uses probability, material science, 
fluid, fracture, and structural mechanics. Most nuclear 
fusion reactors' main issue is fusion reactions. 
Literature understates structure reliability. In [15], 
recent structural and thermomechanical research 
are discussed including the magnet, diagnostic, and 
reproductive coverage. Safe and dependable systems 
affect fusion device dependability for creating the trust. 
Wendelstein 7-X, DEMO, and ITER fusion equipment 
for energy generation or experiments are assessed for 
availability, maintainability, and inspectability [13]. This 
study includes solely fusion device basics. Commercial 
plasma applications with surface coating are best for 

*Corresponding author: apahsa@havelsan.com.tr
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Tokamak fusion reactor structure reliability testing. 
Space-based plasma-facing structures must resist 
radiation and particles. Plasma-facing structures must 
resist radiation and particles to limit space impacts [15-
19]. Tokamak nuclear fusion reactor walls struggled to 
maintain tritium. Plasma-facing graphene magnetic 
fusion loses tritium. Plasma tritium retention was 40% 
and 51% for JET and TFTR. After experiments, fusion 
reactor sanitization took 12–16%. Walls of titanium. 
To Recent calculations predict that the French 
experimental Tokamak reactor ITER will approach its 
tritium limit after 100 pulses. Rising tritium levels stretch 
reactor walls, shortening life. This affects thermal-
to-electric energy transfer in fusion. This study used 
molecular dynamics simulations to develop a graphene 
wall structure with bigger crystal atomic patterns. In 
thermonuclear reactors like ITER and DEMO, where 
harsh conditions (high temperatures, intense neutron 
radiation) make traditional detectors difficult to use, 
graphene is being investigated as a potential material 
for magnetic field sensors and structural elements. 
Research shows that graphene-based Hall effect 
sensors, especially those made on silicon carbide 
(SiC) substrates, are remarkably resistant to radiation 
and retain their high sensitivity even when exposed 
to rapid doses of neutrons. The MARIA reactor's 
research verified that although neutron irradiation 
changes the density of charge carriers, the majority 
of damage is inflicted on the hydrogen passivation 
layer instead of the graphene, indicating the possibility 
of self-healing at elevated temperatures. Apart from 
sensors, graphene-reinforced metal nanocomposites 
(such those with Cu, Ni, or V) show enhanced 
radiation endurance by trapping flaws at interfaces, 
making them promising choices for reactor walls and 
structural materials. Moreover, graphene and carbon 
nanotubes are recommended for first-wall applications 
due to their low neutron absorption, thermal stability, 
and possibility for integrated cooling through capillary 
fluid transfer. However, molecular dynamics study 
emphasizes the need for perfect fabrication by showing 
how composite performance might be hampered by 
pre-existing graphene damage. Graphene's unique 
properties make it a crucial component for the 
development of fusion technology, despite persistent 
challenges with substrate optimization and hydrogen 
layer replacement.

Graphene coatings may have a number of benefits 
over more conventional materials like tungsten or 
carbon composites, according to recent research on 
the retention of tritium in graphene-based tokamak 
wall designs. According to research, few-layer 
graphene's poor hydrogen isotope solubility and rapid 
diffusion rates, which promote tritium desorption, can 
lower tritium retention by up to 70% when compared to 
graphite (e.g., Zhang et al., 2024 in Nuclear Fusion). 
Furthermore, the damage caused by plasma exposure 
is lessened by graphene's better heat conductivity and 
radiation resistance. However, issues remain with 
adhesion stability at high heat fluxes and potential 

defect-induced trapping at grain boundaries (Lee et 
al., 2023, Applied Surface Science). While graphene-
covered test tiles on EAST and DIII-D show promising 
reductions in co-deposition, the effects of prolonged 
exposure to neutrons are still being investigated. 
Graphene's scalability may enable self-cleaning walls 
with smaller tritium reserves, but more research is 
required before big divertors can employ it.

The following figure 1 shows the initial configuration of 
the study model system in the simulation:

Figure 1. Initial configuration top surface of the molecular 
dynamics simulation model

In the study the reliability function of the two-
parameter Weibull distribution to assess the material's 
reliability. This information is used by the 2-parameter 
Weibull distribution's reliability function to evaluate 
the material's dependability. A major objective of the 
literature is to investigate the fusion plasma material 
interactions in the wall constructions of Tokamak fusion 
reactors. In temperature-changing chambers, plasma-
material interactions take place similarly to how tritium 
plasma modifies the surface of the reactor inner 
chamber materials. For example, lifecycle reliability 
estimates and design are needed for graphene on 
the walls of the Tokamak nuclear fusion reactor when 
tritium retentions are present. The only studies in the 
literature that address tritium plasma retention, tritium 
redepositing, and the boronization effects of the tritium 
in fusion reactor studies are Tritium Retention Breeding 
and Tritium Retention in the Gaps of Tungsten Wall 
Structures of the JET, MAST, EAST, and ITER DEMO 
experimental fusion reactors. Being the first structural 
reliability investigation on the retention of tritium on 
the material structures of graphene reactor walls, this 
work closes a gap in the literature.

2. Materials and Methods

2.1. Materials

Molecular dynamics simulations were conducted 
utilizing the Python programming language. Version 
6.0.3 of Spyder, part of the Anaconda module, was 
utilized to complete this task. Calculations were 
performed on a Dell Precision 7680 equipped with 
an Intel Core i7 13th Generation processor, operating 
on Ubuntu 24.10 Linux. The version of the Python 
compiler utilized was 3.12.7. This study utilizes 
the Atomic Simulation Environment (ASE [20]), a 
Python framework designed for molecular dynamics 
simulations in figure 2:
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units.kg # Mass of hydrogen atom
hydrogen_charge = 1 * units.C # Charge of hydrogen 
ion (H+)

In this study, the potential for the simulation 
configurations of the materials are used is the 
Effective Medium Theory (EMT) potential defined in 
the ASE python framework. EMT is developed from 
averaging the multiple values of the constituents that 
directly make up the composite materials that are in 
electromagnetic environment. Effective permittivity of 
the materials as a whole is calculated in the acceptable 
approximations. 

Thermal equilibrations were performed with residual 
graphene under controlled conditions at a temperature 
of 300K. A significant number of these were conducted. 
For one second, the surface layers were free to 
move due to the magnetic force hits applied by the 
microcanonical (NVE) ensemble. This made it easy 
for these layers to move. This is made possible by 
the mechanism that keeps the ensemble's energy, 
volume, and elements constant. The upper four layers 
were Langevin-thermostatized for one picosecond 
after the NVE cycle to disperse the heat generated by 
the bombardment.The integral of Newton's Second 
Law of Motion is employed to simulate the motion of 
a group of particles (atoms or molecules) in molecular 
dynamics, a calculation model. The i-th atom's motion 
is denoted as [21]:

          (1)

in (1) mi is the mass, xi is the position and Ui is an 
interatomic potential energy function that describes 
the interaction between each atom and its neighbors. 
The molecular dynamics simulation of the hcp function 
of ASE generates a graphene structure within a 
substantial graphite crystal. The hydrogen atoms are 
randomly dispersed within the graphite lattice, with a 
starting kinetic energy ranging from 5 keV to 35 keV 
with an electromagnetic force of 3T. In molecular 
dynamics simulations, the Velocity-Verlet approach 
is employed to simulate the system's dynamics [22-
24]. Then in the simulation kinetic energy based 
Shannon Entropy is computed to the system 
simulation model configuration. Utilizing the atom 
positions corresponding kinetic energies, we compute 
the Shannon entropy of the system in this simulation. 
According to Shannon, the set of probabilities can 
be identified as p1, p2, p3,..., pn, which results in 
vagueness through (H) measurement. The Shannon 
entropy is provided as [25-26] when the atoms' 
positions in this system model are implemented:

         (2)

The Shannon entropy and associated probabilities 
p1, p2, p3,..., pn are displayed in Equation (2). These 
probabilities relate to the atomic model used to set up 
the system in molecular dynamics and the frequency 
of atom appearance. The calculation of the Shannon 

Figure 2. Atomic Simulation Environment in Python language 
for Molecular Dynamics Simulation

2.2. Methods

The retention mechanism was developed through 
the simulation of a significant amount of graphite, 
comprising approximately 1,200 carbon atoms. The 
findings demonstrated that retention efficacy was 
influenced by multiple factors, such as the pressure 
and temperature conditions present during the 
simulation. The findings have important implications for 
future research on carbon-based materials and their 
diverse applications across various sectors. Graphene 
is treated as the C hexagonal crystal structure. For 
the sake of simplicity size of the simulated material 
molecular calculations tritium is treated with the single 
hydrogen atoms. In the molecular dynamics Carbon 
atoms in Figure 2 symbolized in gray color and the 
tritium (hydrogen) atoms in Figure 2 are given as white 
color. The block underwent exposure to hydrogen at 
energy levels between 5 and 35 keV with 3T magnetic 
induction force to enable calculations and substitute 
tritium. The selected energy levels for the simulation 
were adequate, as demonstrated by the current 
simulations covering a suitable range of collision 
energy, as reported in the literature. Initialization of the 
molecular dynamics algorithm parameters are stated 
below: 

# Parameters
a1 = 2.46 # Lattice constant for graphene (in 
Angstrom)
c1 = 6.70 # Interlayer spacing for graphene (in 
Angstrom)
num_hydrogen_atoms = 42
timestep = 1.0 # fs
total_steps = 200 
temperature = 300 # K
vacuum=True
orthogonal=True
periodic=True
bulk_cutoff = 5.0 # Distance cutoff for retention 
(Angstroms)
h = 3 #distance between tritium and graphen surface
energy_H = 5 to 35 # keV initial energies
magnetic_field = 3.0 # Magnetic field in Tesla
hydrogen_mass = 1.00784 * 1.66053906660e-27 * 
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Entropy is performed by using the kinetic energy 
values of the corresponding atom positions. Each 
kinetic energy information is selected with the bins of 
50 and based on the sampled bins the histogram is 
calculated. Based on the histogram and the summation 
of the histogram probabillity is derived and by using 
(2) formulation Shannon Entropy based on the kinetic 
energy values are calculated. The Weibull reliability 
distribution is defined by the calculated kinetic energy 
based Shannon entropy values. Based on the above 
procedure, Kinetic Energy based Shannon Entropy is 
then used to calculate the material reliability calculation 
based on Weibull distribution. The three-parameter 
Weibull distribution equation is as follows [27-28].

          (3)

where t denotes the irradiation duration (), γ is the 
location parameter, β is the shape parameter (slope) 
(β>0), and α is the scale parameter (characteristic life) 
(α>0). In computations, it is a widely held belief that 
γ=0, as it denotes the displacement of the origin in the 
dependability distribution graph. The probability-of-
failure function is defined as follows:

          (4)

         (5)

In the previously mentioned context, γ equals zero, 
and the specified conditions for F(t) are 0 < F(t) < 1. 
In order to satisfy the mandated criteria, the equation 
is adjusted.

        (6)

The following is generated when the equation is 
created in the configuration of y=mx+n:

       (7)

Bernard Approximation for Median Ranks is utilized to 
calculate the unreliability parameters for each failure 
[31]. Then the unreliability parameter became:

        (8)

where N is the dataset's maximum number of orders, 
and rank is the order number in the tables given in the 
results section.

3. Results and Discussion

The simulation bombards the graphene crystal with 
hydrogen ions at energies ranging from 5 keV to 35 keV, 
utilizing a magnetic field strength of 3T. The next phase 
of the procedure entails the execution of molecular 
dynamics simulations. Graphene construction 
comprises multiple layers to facilitate the integration 
of thermostats. This sequence demonstrates the 
Shannon Entropy based on the kinetic energy 
calculations of the molecular configuration, as well as 
the three-dimensional molecular dynamics simulation 

results. The duration of the simulation process, the 
retention count from the molecular simulation model, 
the rank, the F(t) function, the natural logarithm of 
the kinetic energy based Shannon Entropy, the y(t) 
function linked to the kinetic energy Shannon Entropy, 
and the reliability based on the y(t) function for tritium 
affected by kinetic energies between 5 keV and 35 
keV with a 3T magnetic induction force are all shown 
in Tables 1, 2, 3, and 4.

Table 1. Kinetic energy based Shannon Entropy F(t) and y(t) 
values calculated by equations 3, 4, 5, 6 and 7 for Tritium 
with 5keV bombardment with 3T on Graphene Crystal

Pro-
cess 
Time 
(fs)

Kinetic 
Energy 

Shannon 
Entropy 
of the 

total bulk 
surface

Rank F(t)

Ln 
(Shannon 

Kinetic 
Eng)

y(t)_
Shannon 

Kinetic Eng

0 -4 1 0,074468085 0 1
25 4 2 0,180851064 1,386294361 0,206529857
50 5,8 3 0,287234043 1,757857918 0,176563403
75 6 4 0,393617021 1,791759469 0,159948474

100 5,75 5 0,5 1,749199855 0,148611365
125 5,65 6 0,606382979 1,731655545 0,140090081
150 5,7 7 0,712765957 1,740466175 0,133310901
175 5,9 8 0,819148936 1,774952351 0,127711149
200 5,95 9 0,925531915 1,78339122 0,122960135

Table 2. Kinetic energy based Shannon Entropy F(t) and y(t) 
values calculated by equations 3, 4, 5, 6 and 7 for Tritium 
with 15keV bombardment with 3T on Graphene Crystal

Pro-
cess 
Time 
(fs)

Kinetic 
Energy 

Shannon 
Entropy 
of the to-
tal bulk 
surface

Rank F(t)

Ln 
(Shannon 

Kinetic 
Eng)

y(t)_
Shannon 

Kinetic Eng

0 -4 1 0,074468085 0 1
25 4,95 2 0,180851064 1,599387577 0,198968365
50 5,8 3 0,287234043 1,757857918 0,168116675
75 5,98 4 0,393617021 1,788420568 0,151118198

100 6,1 5 0,5 1,808288771 0,139573118
125 6,3 6 0,606382979 1,840549633 0,130928245
150 6,5 7 0,712765957 1,871802177 0,124072886
175 6,45 8 0,819148936 1,864080131 0,118426234
200 6,55 9 0,925531915 1,87946505 0,11364758

The latest column in the table 1,2,3,4 determines 
the reliability values based on kinetic energy based 
Shannon Entropy. For the latest column the reliability 
characteristic graphs for the system is drawn for 
comparing it to the Weibull hazard probability 
distribution graph. Figures 3, 4, 5, and 6 present 
the kinetic energy-based Shannon entropy and the 
corresponding graphs, respectively:

Upon observing Figures 3, 4, 5, and 6, both graphs 
exhibit a resemblance to the Weibull distribution 
probability density function associated with the hazard 
function. In which the R2 values of graphical fit test 
results are calculated and the graphical fit given for 
the Weibull probability fit test plots are given in the 
following figures 7, 8, 9, and 10.
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The Figure 7 shows the transformed data points 
against the theoretical quantiles of Weibull distribution 
for 5 keV tritium plasma process of Shannon Entropy 
calculated based on kienitc energy. The points roughly 
follow the red regression line, with the R2=0.8718 
which shows that the Weibull distribution is a good fit 
for Shannon Entropy based on kinetic energy at 5 keV 
energy of tritium plasma.

Table 3. Kinetic energy based Shannon Entropy F(t) and 
y(t) values calculated by equations 3, 4, 5, 6 and 7 for 
Tritium with 25keV bombardment with 3T on Graphene 
Crystal

Pro-
cess 
Time 
(fs)

Kinetic 
Energy 

Shannon 
Entropy 
of the 

total bulk 
surface

Rank F(t)

Ln 
(Shannon 

Kinetic 
Eng)

y(t)_
Shannon 

Kinetic Eng

0 -4 1 0,074468085 0 1
25 3,75 2 0,180851064 1,32175584 0,18345641
50 5 3 0,287234043 1,609437912 0,150723429
75 5,85 4 0,393617021 1,766441661 0,132965227

100 5,9 5 0,5 1,774952351 0,121042209
125 5,95 6 0,606382979 1,78339122 0,112197999
150 5,85 7 0,712765957 1,766441661 0,105240905
175 6,2 8 0,819148936 1,824549292 0,099551042
200 6,25 9 0,925531915 1,832581464 0,094766473

Table 4. Kinetic energy based Shannon Entropy F(t) and y(t) 
values calculated by equations 3, 4, 5, 6 and 7 for Tritium 
with 35keV bombardment with 3T on Graphene Crystal

Pro-
cess 
Time 
(fs)

Kinetic 
Energy 

Shannon 
Entropy 
of the 

total bulk 
surface

Rank F(t)
Ln 

(Shannon 
Kinetic Eng)

y(t)_
Shannon 

Kinetic Eng

0 -4 1 0,074468085 0 1
25 3,85 2 0,180851064 1,348073148 0,205324751
50 5,75 3 0,287234043 1,749199855 0,175198344
75 6 4 0,393617021 1,791759469 0,158511436

100 5,95 5 0,5 1,78339122 0,147133639
125 5,9 6 0,606382979 1,774952351 0,138586928
150 5,8 7 0,712765957 1,757857918 0,131791019
175 5,75 8 0,819148936 1,749199855 0,126179989
200 5,85 9 0,925531915 1,766441661 0,121421338

Figure 3. Reliability graph of the kinetic energy based 
Shannon Entropy of the simulated system at 5keV 
bombardment of Tritium with 3T magnetic induction force

Reliability graph of 5 keV Tritium Bombardment of Graphene
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Figure 4. Reliability graph of the kinetic energy based 
Shannon Entropy of the simulated system at 15keV 
bombardment of Tritium with 3T magnetic induction force

Reliability graph of 15 keV Tritium Bombardment of Graphene
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Figure 5. Reliability graph of the kinetic energy based 
Shannon Entropy of the simulated system at 25keV 
bombardment of Tritium with 3T magnetic induction force

Reliability graph of 25 keV Tritium Bombardment of Graphene
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Figure 6. Reliability graph of the kinetic energy based 
Shannon Entropy of the simulated system at 35keV 
bombardment of Tritium with 3T magnetic induction force

Reliability graph of 35 keV Tritium Bombardment of Graphene
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Figure 7. Graphical Fit Test Weibull Probability Plot for 5keV 
based tritium Shannon Entropy calculated based on kinetic 
energy
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The Figure 8 shows the transformed data points 
against the theoretical quantiles of Weibull distribution 
for 15 keV tritium plasma process of Shannon Entropy 
calculated based on kienitc energy. The points roughly 
follow the red regression line, with the R2=0.8395 
which shows that the Weibull distribution is a good fit 
for Shannon Entropy based on kinetic energy at 15 
keV energy of tritium plasma.

Pasha A. / TJNS 38(1), 5 - 12, 2025
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retention because of the tritium atoms are bounded 
to the graphene “C” atoms to hold them in the crystal 
structure.

4. Conclusions

Figure 8. Graphical Fit Test Weibull Probability Plot for 
15keV based tritium Shannon Entropy calculated based on 
kinetic energy

Weibull Probability Plot

O
rd

er
ed

 V
al

ue
s

Theoretical Quantiles

The Figure 9 shows the transformed data points 
against the theoretical quantiles of Weibull distribution 
for 25 keV tritium plasma process of Shannon Entropy 
calculated based on kienitc energy. The points roughly 
follow the red regression line, with the R2=0.8105 
which shows that the Weibull distribution is a good fit 
for Shannon Entropy based on kinetic energy at 25 
keV energy of tritium plasma.

Figure 9. Graphical Fit Test Weibull Probability Plot for 
25keV based tritium Shannon Entropy calculated based on 
kinetic energy
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The Figure 10 shows the transformed data points 
against the theoretical quantiles of Weibull distribution 
for 35 keV tritium plasma process of Shannon Entropy 
calculated based on kienitc energy. The points roughly 
follow the red regression line, with the R2=0.7797 
which shows that the Weibull distribution is a good fit 
for Shannon Entropy based on kinetic energy at 35 
keV energy of tritium plasma. As the applied kinetic 
energy of tritium plasma is increased from 5keV to 
35keV the calculated Shannon Entropy based on 
the molecular dynamics system calculated kinetic 
energy the Entropy of irregularities are increased. For 
instance all of the calculated 5keV, 15keV, 25keV and 
35keV corresponding Shannon Entropies based on 
system kinetic energy calculated Weibull distribution 
reflect the same approximate values. It is obvious 
the system is unreliable and show the effect of the 

Figure 10. Graphical Fit Test Weibull Probability Plot for 
35keV based tritium Shannon Entropy calculated based on 
kinetic energy
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The material choices required for plasma-based 
energy devices, such as fusion Tokamak reactors and 
space propulsion systems, are assessed by the graphs 
presented in the previous results. The estimated 
results indicate that the Weibull distribution, which 
incorporates Shannon entropy calculations based 
on the system kinetic energy, is a valuable method 
for evaluating the reliability of structures when they 
interact with plasma and materials. From the given 
results above the Shannon Entropy based on the 
kinetic energy of the system can be used as a feature 
in determining the reliability prediction of the structure 
materials. Since this study is based on molecular 
dynamics simulations for tritium plasma interaction 
with the graphene, the experimental tokamak reactor 
fusion with graphene wall materials during the 
operational effects of tritium plasma as a fuel in fusion 
process is necessary to perform for future studies. In 
the computation of the structural reliability of events 
that entail contact with plasma material, the Weibull 
distribution is advantageous. This study complemented 
the objective of Shannon Entropy based on the system 
kinetic energy parameter based Weibull distribution 
prediction can be used in the reliability calculation of 
the fusion reactor wall structures. So that the nuclear 
fusion reactor wall material selection and design criteria 
can use the Weibull reliabilities calculated parameters 
as a requirement by the designers of the tokamak 
type fusion reactors. Likewise the nuclear fission 
sector use the structural reliability in pumps and pipes, 
nuclear fusion Tokamak type of reactors will utilize this 
technique with the same perspective in the structural 
components of vacuum vessel, In-vessel, test blanket 
modules and diagnostics. The Weibull method can be 
employed to examine plasma material interactions 
in forthcoming studies of plasma parameters. Future 

Pasha A. / TJNS 38(1), 5 - 12, 2025
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investigations on plasma collisionality and anode/
cathode sputtering are viable. The operational efficacy, 
safety, and security of Tokamak fusion reactors are 
ensured by their structural integrity. This includes the 
selection of appropriate materials, the assessment 
of wear and damage via surface roughness 
measurements, the management of heat and stress 
during plasma operations, the application of Weibull 
analysis to gauge reliability, and the implementation of 
regular maintenance.
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ABSTRACT

Because of its beautiful qualities and ability to withstand harsh conditions, Fraser photinia (Photinia 
× fraseri cv. Red Robin) is frequently used as an ornamental plant in garden designs. The efforts to 
create new, highly marketable variations of the species have begun to increase in response to the 
growing ability of the current kinds to adapt to changing climatic circumstances. For this species, 
which is susceptible to in vitro propagation, the in vitro mutation breeding technique holds significant 
promise for increasing the current variety. It is essential to ascertain whether ionizing gamma ray 
sources are suitable for in vitro mutation investigations on Fraser photinia. To achieve this, in vitro 
shoot explants were exposed to a total of thirteen different radiation doses using 60Co (dosage rate: 
235 Gy/h) and 137Cs (dosage rate: 821 Gy/h) gamma ray sources. The number of leaves and shoot 
length in in vitro plantlets were assessed thirty days after irradiation, and linear regression analysis was 
used to get the effective mutation dose (EMD50) values. Based on the quantity of leaves, the EMD50 
for the 137Cs source ray application was 60.34 Gy, whereas the 60Co source resulted in an EMD50 of 
80.88 Gy. These findings demonstrated that the EMD50 difference was significantly impacted by the 
source power, irradiation duration, and the influence produced by the linear energy transfer value of 
the irradiation during tissue penetration.

1. Introduction

Plants are essential to landscape design for both 
functional and aesthetic reasons. The use of 
materials, particularly plant elements, has improved 
and diversified, and each section of the landscape 
design has been converted into areas that require 
specialization [1]. Because of the effects of climate 
change, the use of plant species that are not commonly 
found in the natural flora and are therefore not naturally 
grown in a region raises the value of landscaping [2, 
3]. However, the plants chosen for landscaping should 
also be able to adapt to the local climate.

The evergreen, attractive woody shrub Photinia × 
fraseri Dress. (Fraser photinia, Fraser’s photinia) is 
commonly planted in green spaces and can reach a 
height of three to five meters. This species, which is a 
member of the Rosaceae family, is a hybrid of Chinese 
Photinia serrulate and Japanese Photinia glabra. 
Photinia × fraseri is a popular hedge and decorative 
plant for parks, gardens, and roadside landscaping 
because of its striking leaf traits, colors, and quick 
growth. The leaves of this plant are either red (young 
leaves) or green (mature leaves). Because the young, 
bright red leaves contrast with the older, dark green 
ones, the perennial foliage is particularly stunning 
when it first sprouts [4]. Its perennial foliage is striking 
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throughout the sprouting process because of its vivid 
crimson-red color, and its oblong, flat, glossy leaves 
are tolerant to cold. Large white terminal clusters are 
produced throughout the spring flowering season 
[5]. In addition to being aesthetically beautiful, this 
hedging plant gives the garden texture and acts as a 
useful windbreak. Additionally, Photinia plants' vibrant 
red leaves and open growth attract birds and other 
wildlife, fostering a happy coexistence of nature and 
the garden [6].

Photinia × fraseri ‘Red Robin’ is the most popular 
cultivar [7]. The hybrid plant originated from Fraser 
Nursery in Alabama (hence its name), but the 'Red 
Robin' was later developed in New Zealand [8]. A 
notable characteristic of photinia 'Red Robin' is its eye-
catching leaves.

The evergreen shrub Photinia 'Red Robin', on the 
other hand, not only endures but flourishes in harsh 
environments. Because of its remarkable cold 
tolerance, Photinia 'Red Robin' is a great choice for 
areas with severe winters. The Red Robin cultivar, 
whose cold tolerance level is stated to be between 
-17.7 to -15.0 °C, can also be evaluated in different 
climatic conditions in urban planning as a plant with 
high temperature (+43.6 to +46.3 °C) [9]. Once 
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performed on large populations, in limited space, 
and at any time of the year. The chances of obtaining 
potent mutants are higher with in vitro mutagenesis. 
The main advantage of this method is that it avoids 
the formation of chimeras in M1V1. Large populations 
can be managed using tissue culture for mutagenesis 
treatment, selection, and cloning of specific mutants. 
It also enables quick subculture propagation cycles 
that separate mutated from non-mutated sectors [22]. 
Kane et al. [23], discussed the importance of mutation 
to produce phenotypic differences in Fraser photinia. 
They worked to develop an optimal propagation 
protocol in tissue culture to obtain a large number of 
plants for in vitro propagation of mutant plant material 
and selection.

When the studies on mutation breeding are evaluated in 
general, it is seen that ionizing radiation sources (such 
as gamma, X-ray, fast neutron, electron accelerator, 
and heavy ion sources) are used more heavily than 
chemical mutagens due to their ease of application 
[24]. Each ionizing radiation source is categorized 
by the Linear Energy Transfer (LET) value they have 
according to its ionization capacity [25]. Accordingly, 
60Co and 137Cs, which are gamma ray sources, are 
sources with low LET levels [26, 27].

In the first phase of our studies to obtain new mutant 
lines tolerant to high salinity and pH levels from 
Red Robin photinia, it was planned to create new 
variations in in vitro shoot culture using the gamma 
irradiation technique. If we compare gamma radiation 
sources in terms of safety in the event of a nuclear 
or possible radiological accident, 60Co sources have 
a lower risk of radiation pollution, contamination, and 
nuclear pollution compared to 137Cs. When the two 
sources are compared in terms of energy, the energy, 
aggressiveness, and dose rate of 60Co sources 
are higher than 137Cs. Before starting the mutation 
breeding study with either gamma sources or other 
ionizing radiation sources, it is necessary to determine 
the EMD50 specific to the genotype to be studied as a 
preliminary study for the creation of the main mutant 
population [28, 29].

In the study whose results are presented here, it was 
aimed to compare the effects of the source effect as a 
result of irradiating the in vitro shoots of the Fraser’s 
photinia cv. Red Robin with two different gamma ray 
sources, 60Co and 137Cs, which have different dose 
rates and energies, and to determine the EMD50 
according to both sources.

2. Materials and Methods 

2.1. Material

In vitro Red Robin photinia shoots obtained from 
a commercial nursery company producing Fraser 
photinia via tissue culture were used as material in the 
research.

established, it can endure dry spells without losing its 
aesthetic appeal. It can obtain moisture from deeper in 
the earth because of its extensive root system, which 
guarantees its survival during dry spells. Strong winds 
can make it difficult for plants to stay healthy and in 
shape. However, Photinia 'Red Robin' has exceptional 
wind resistance. It withstands wind effectively thanks 
to its strong branches and resilient leaves. As long as 
the soil drains properly, it can grow in a variety of soil 
types, including clayey, sandy, and loamy soils [10]. 
Improvement of clay soils with organic matter to allow 
roots to breathe and develop can be done by using 
organic matter such as biochar and barnyard manure 
or inorganic matter such as sand that lightens the soil 
structure. Although Red Robin photinia is quite tolerant 
to adverse environmental conditions, it is particularly 
sensitive to alkaline soils with high pH [7, 11] or high 
salinity conditions [12, 13].

While intensive research focuses on field crops and 
vegetables; breeding programs for ornamental plants, 
especially perennial plants, remain limited. The basis 
of plant breeding is the presence of genetic variation 
in the plant material under study. This variation 
can be obtained by selection, hybridization, and                                                    
techniques from natural populations. According to the 
study by Özel et al. [14], “ortet selection” can boost 
Fraser photinia seedling performance many times. 
This study shows that genetic variation exists in the 
photinia species. The producers' profit rate will rise 
significantly if the fastest-growing ortets are chosen for 
the seedlings grown for landscaping since they will be 
able to reach a marketable size more quickly.

Studies mainly carried out in the last 50 years have 
shown that, especially in self-pollinating plants, genetic 
mutations confer significantly higher benefits in the 
development of traits than those governed by single 
genes and showing simple inheritance as reported by 
Anonymous [15], Waycott et al. [16], and Sağel et al. 
[17]. Abiotic stress tolerance, early, everlasting, and 
abundant flowering, altered photoperiodic response, 
and enhanced disease resistance are among the 
physiological properties that have been successfully 
mutated. Conventional breeding has contributed 
greatly to improving brush traits, but mutation breeding 
may provide an important complementary technique 
for improving stress tolerance and productivity. When 
combined with in vitro procedures, mutation induction 
and desired trait selection provide several benefits 
over traditional approaches [18].

Schum [19] reported that the use of gamma radiation 
in the use of physical mutagens is easy to use, highly 
permanent, accessible to target cells, and has an 
absence of toxic effects and damage. According 
to Maliga [20] and Ahloowalia [21], in vitro methods 
allow cells to be uniformly treated with physical and 
chemical mutagens and grown in homogeneous 
medium. In vitro cultures offer significant advantages 
for identifying somaclonal variation in plant breeding 
studies. In vitro mutagenesis experiments can be 
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2.2. Methods

2.2.1. Plant culture conditions and multiplication 
of shoots

In this study, explants taken from stock cultures 
available in our laboratory were used. Therefore, 
no pre-sterilization process was performed on the 
explants. Main and lateral shoots were cut into nodal 
segments of similar size (7-8 mm). First proliferation 
media prepeared according to Larraburu et al. [30], the 
basic culture medium (BM) included 0.7% agar, 100 
mgl−1 myoinositol, B5 vitamins [31], 3% sucrose, and 
Murashige and Skoog (MS) salts [32]. After bringing 
the pH down to 5.8, it was autoclaved for 20 minutes at 
121°C. Explants transferred to 660 ml flasks with 50 ml 
of medium, supplemented with 2.2 µM BA and 0.5 µM 
IBA concentration. The cultures were incubated under 
LED illumination (55 µmol m−2 s−1) with a 16-hour 
photoperiod at 24 ± 2 °C and 55-60% relative humidity 
in a growth chamber. Shoot pieces of approximately 2 
cm in length with a node on them were propagated in 
proliferation medium. Red Robin shoots that were sub-
cultured 4 times, every four weeks, were transferred to 
MS [32] medium explained below.

2.2.2. Determination of Effective Mutation Dose

Two cm-long photinia shoots were cultured in vitro 
in the nutrient medium, and they were irradiated in 
eleven different doses (0, 10, 20, 30, 40, 50, 60, 70, 
90, 110, and 130 Gy) with 60Co (dose rate: 235 Gy/h) 
and 137Cs (dose rate: 821 Gy/h) gamma ray sources 
within the Nuclear Energy Research Institute of the 
Turkish Energy Nuclear and Mineral Research Agency 
(TENMAK-NÜKEN) (Figure 1).

before, irradiation was also performed with doses up 
to 130 Gy in 20 Gy increments after the 70 Gy dose. 
For each gamma ray and treatment dose, 30 in vitro 
shoots were used in three replication (each replication 
has 10 explants). The shoots were placed in sterilized 
nutrient hormone free MS media in autoclavable plastic 
bags to ensure that they fit easily into the irradiators 
(Fig. 2a). After irradiation, all explants were rapidly 
transferred to the fresh proliferation medium. This step 
aimed to protect the explants from the toxic effects 
of radicals expected to be formed during irradiation. 
The cultures were incubated in the controlled climatic 
room at 24 ± 2 °C (Fig. 2b). On the 30th day following 
irradiation, the shoot length and number of leaves 
were determined according to doses. Physical effects, 
including damage such as yellowing, darkening, and 
shoot death, caused by radiation application were 
also observed in explants during the period following 
irradiation.

Figure 1. 137Cs Research Irradiator (a); Ob-Servo Sanguis 
60Co Research Irradiator model (b).

Figure 2. In vitro photinia shoots prepared for irradiation 
treatments (a); Incubation of photinia cultures after irradiation 
(b).

As a general approach for in vitro explants, irradiation 
doses between 0 and 100 Gy are preferred [17]. 
However, in order to determine the dose response 
of the current genotype, which has not been studied 

The shoot length and number of leaves data obtained 
after irradiation from both ionizing radiation sources 
were subjected to linear regression analysis to 
determine the EMD50 of the plant sample. EMD50 is 
calculated through the use of linear regression analysis 
by the Microsoft Excel software program [33]. In linear 
regression analysis, data were analyzed within a 0,95 
confidence limit.

3. Results and Discussion

After irradiation at eleven different doses (control 
included) with 60Co and 137Cs gamma ray sources, all 
irradiated shoot tissues were sub-cultured to the fresh 
proliferation media to obtain shoot length evaluation 
and new leaves.

(a)

(b)

(a)

(b)
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The study compared the shoot length and number of 
leaves of the test group, which received varying doses 
of gamma rays in both gamma ray sources, with non-
irradiated non-irradiated shoots (control group). After 
irradiation at thirteen different doses with 60Co and 
137Cs gamma ray sources, young leaves developed 
and shoot growth obtained from 30 shoots of each 
dose were counted 30 days after irradiation. Figure 
3 shows the growth and development of irradiated 
photinia shoots. As a result of the observations, 
it was observed that the physical damage in the 
explants irradiated with the 137Cs irradiation source 
was less than that of the 60Co gamma source. In the 
137Cs source, a decreasing trend in leaf number was 
observed after 50 Gy application. According to Figure 
4, which shows the results of the counting conducted 
on the 30th day following irradiation, there were notable 
decreases in the number of leaves as the irradiation 
dose increased.

Figure 3. in vitro Fraser’s photinia shoots developed under 
different irradiation treatments

This decreasing trend in shoot length was evident after 
a 60 Gy dose of the 137Cs source. On the other hand, it 
was determined that the shoot length and leaf number 
values of the explants continued, albeit decreasingly, 
including the 130 Gy dose of the 60Co source (Table 1). 
It was determined that there was a serious growth and 
development retardation with the 80 Gy application of 
the 60Co source. However, it is observed in Figure 4 
that the stable retardation in the cesium source could 
not be provided in the cobalt source. The regression 
analysis result performed with the data obtained as a 
result of irradiation with the gamma source is given in 
the formula (For 1.) below. In this formula, y represents 

the 50% value of the leaf number and shoot length 
obtained in the 0 Gy application, which is the control, 
while the value defined as x defines the EMD50. Since 
the r2 values of the average shoot values obtained after 
irradiation with both ionizing radiation sources were 
obtained below the acceptance limit of 0.74, the EMD50 
calculation was determined based on the number of 
leaves that are important for this cultivar. Accordingly, 
the EMD50 was determined as 60.34 Gy as a result of 
137Cs (For 1). However, after being exposed to the 60Co 
source, the EMD50 changed to 80.88 Gy (For 2.).

y = -0,0619x + 10,22 For 1.
y = -0,0602x + 11,354 For 2.

Today, studies on mutation breeding are carried out 
in many species around the world using different 
irradiation sources (low and high energy) [34]. 
Factors such as the type of biological material used 

Figure 4. Graphs of leaf numbers of explants irradiated with 
two different gamma sources according to doses

Table 1. Shoot length and leaf number of photinia explants ir-
radiated with two different gamma sources according to doses

60Co 137Cs

Dose 
(Gy)

Mean 
shoot 
length 
(cm)

Mean 
leaf 

number

Dose 
(Gy)

Mean 
shoot 
length 
(cm)

Mean 
leaf 

number

0 1.80 12.97 0 1.8 12.97
10 1.11 9.30 10 infected Infected
20 1.57 13.00 20 1.24 8.87
30 1.66 8.13 30 1.29 7.43
40 1.54 7.70 40 1.01 3.43
50 1.41 8.57 50 1.56 4.53
60 1.17 6.87 60 1.48 6.57
70 1.16 6.43 70 1.32 4.67
90 1.02 4.90 90 1.05 8.60
110 1.07 6.30 110 1.21 4.63
130 1.07 4.00 130 1.05 3.00

(p value was 0,006 both cobalt and cesium sources, Sx cobalt: 1,54; Sx 
cesium: 1,77)
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in the study (seed, in vitro explant, cutting, etc.) and, 
its water content, the LET value of the source to be 
irradiated, the physical and chemical effects created 
by the radiation source the half-life of the source used 
in irradiation and its dose rate and the oxygen level 
of the environment during application are important 
[26]. When the obtained findings are evaluated, the 
first parameter that comes to the fore is the dose rate 
of the source. Because the 137Cs source has a higher 
dose rate (820 Gy/h). Although its penetration into the 
tissue during irradiation seems lower than the 60Co 
source. An effective dose distribution in a short time 
has been provided in line with the EMD50 obtained 
for the explants. The exposed dose rate of the 60Co 
source is 232 Gy/h, but the irradiation time is longer 
when compared to the 137Cs source and therefore, 
especially for in vitro material the formation of free 
radicals in the nutrient medium is accelerated and the 
amount of oxygen decreases accordingly, and it is 
possible to create different effects on the explants [35, 
36]. Similar effects and findings have been revealed 
in studies conducted by different researchers [26, 27, 
36, 37].

Conclusions

In vitro mutation breeding studies continue to be 
widely used to increase the gene pool and shorten the 
breeding period. In this study, in vitro shoot explants 
of Red Robin photinia were used. In order to conduct 
mutation breeding studies with a mutant population 
with a wide variation, the EMD50 should be determined 
according to the genotype, explant type, and mutagen 
source to be used in mutation induction. As a result of 
the irradiation of in vitro shoot explants with 60Co and 
137Cs gamma radiation, differences in absorbed doses 
were revealed due to source power, linear energy 
transfer values, and irradiation duration. Accordingly, 
the EMD50 dose limits that should be applied for the 
creation of an effective in vitro mutant population are;

• For the 60Co source, the EMD50 is 80.88 Gy; the 10% 
lower and upper limits of this dose are determined 
as ~73 - 89 Gy. 

• For the 137Cs source, the EMD50 is 60.34 Gy; the 10% 
lower and upper limits of this dose are determined as 
~54 - 66 Gy.

The number of leaves was found to be an appropriate 
parameter in determining the EMD50, but the shoot 
length did not give the expected critical value depending 
on the explant type and genotype response. In this 
study, the EMD50 in two different gamma radiation 
sources differed. The difference between the dose rate 
of the sources and the irradiation time of the samples 
depending on this dose rate, was observed clearly 
in terms of leaf numbers and shoot lengths. Thus, 
the importance of determining the EMD50 using the 
appropriate evaluation parameter in in vitro mutation 
breeding studies and the need for dose planning 
accordingly were revealed. It is expected that low-
energy ionized sources, such as electrically activated 

X-rays and electron accelerators, will replace gamma 
sources, especially in the next decade. It is important 
to start mutation breeding studies by knowing the effect 
mechanisms of these sources to obtain successful 
results.
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