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Dear Colleagues, 

 

The International Conference on Theoretical and Experimental Studies in Nuclear Applications and 
Technology (TESNAT 2016) is the second step of the TESNAT Conference series. TESNAT 2015 was 
held in Osmaniye Korkut Ata University with 177 participants. 38 oral and 77 poster presentations had 
been given last year. The world of nuclear physics is an exciting area in which to work, and we’ll 
continue to meet and bring inspired people together in conference like this, to ensure TESNAT remains 
at the cutting edge. 

We intend in this conference to discuss and compare all applicable methods as are being applied at 
present in nuclear physics. The problems faced in these fields at present are focused in the development 
of new methods and in the improving of existing techniques to achieve an understanding of existing 
experimental data and in predicting with high reliability new properties and processes. We propose this 
conference as a mean to bring together all these related communities with the goal of creating an 
enriching dialog across the disciplines. The conference will give an overview on the theoretical and 
experimental challenges in nuclear physics and applications.  

We’d like to thank each of you for attending our conference and bringing your expertise to our gathering. 
You are truly our greatest asset today and tomorrow, and we could not accomplish what we do without 
your support and leadership.  

This TESNAT 2016 proceeding book includes selected oral and poster presentations by Scientific 
Committee members. 

 

TESNAT 2016 Organization Committee
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Computer Simulations of Dosimetric Quantities in Medical and Health Physics 

A. BOZKURT 

Akdeniz University, Department of Biomedical Engineering, Antalya, Turkiye 

In medical and health physics applications, characterization of the radiation source and its surrounding, the interactions 
that take place between the source particles and the atoms of the materials they travel through, and the dosimetric 
quantities such as flux, energy, and dose that are aimed to be determined for a point of interest are all considered to be 
crucial. For the very rare cases where an analytical solution is possible, the procedure involves moderate to heavy 
computations. In most situations, therefore, deterministic methods based on analytical equations are limited to over-
simplified problems only. Stochastic techniques such as the Monte Carlo method thus become more advantageous in 
dealing with radiation transport problems. The Monte Carlo approach bases its search for a solution on random numbers, 
probability distributions, and numerical databases to randomly track radiation particles through materials in the problem 
geometry. Thus, it can handle more complex representations of real life problems. This study presents the basic steps of 
handling radiation sources and their interactions by computer codes and also gives examples on obtaining numerical 
approximations to dosimetric quantities. 

Finding a solution to a real life physical or mathematical problem generally involves some form of difficulty. In some 
cases, the difficulty arises from the problem’s own complexity, and therefore, to yield the expected solution requires 
considerable amount of simplifications. In other cases, there might be no analytical representation of the problem and 
therefore one is limited to a numerical solution. For example, some differential equations in mathematics cannot be solved 
analytically where numerical solutions are the only options. In either case, one performs a computer experiment that uses 
numerical descriptions of a system to converge to an average solution of a problem. A computer simulation can then be 
defined as a model developed on a computer to mimic the average behavior of a real system. 

If a computer simulation produces the result based on specific mathematical equations, such as difference equations, it is 
deterministic in nature since it contains known inputs along with unique sets of outputs. For example, Finite Element 
Analysis is such a technique to find approximate solutions to boundary value problems. It handles a large domain by 
dividing it into smaller elements whose behavior is represented by simple differential equations. The solutions in these 
simple elements are in turn assembled into a larger set of equations to model the problem in its entirety. 

In a stochastic simulation, on the other hand, a set of random variables that change according to certain probabilities 
creates an output. This output is recorded and the process is repeated with a new set of random variables. The expected 
result or the average behavior is the most probable estimate of many outputs drawn from sufficient number of repetitions. 
For example, a computer experiment can be designed to mimic the tossing of a coin. Since there is a randomness involved 
in the process because of the atmospheric noise, a stochastic simulation can be implemented to yield the estimate of the 
result of a certain number of flips. A physical coin toss is then equivalent to randomly assigning a value of either 0 or 1 
to the outcome to represent the random events of observing heads or tails (or vice versa), respectively. The coin tossing 
experiment or the random value assigning simulation is repeated for a desired number of times. In the end, the average 
number of tosses for a certain outcome is calculated to yield the estimated result of the experiment. 

The above stochastic procedure of estimating the average value of a random variable by repetitively sampling from a 
probability distribution is called the Monte Carlo technique. It is a powerful tool used in many fields of mathematics, 
physical sciences and engineering. A MC algorithm produces the average behavior of physical systems through statistical 
estimates by sampling random variables from appropriate probability distributions. Therefore, the result of a MC 
calculation is always an approximate solution within a tolerable error. Although earlier applications of Monte Carlo 
method include de Buffon’s needle problem in 1777 and de Laplace’s estimation of the value of π in 1886, a more 
elaborate application is due to scientists worked in Los Alamos National Laboratory of the US during the famous 
Manhattan Project. In the coming years, MC found wider applications in other fields of research due to the advent of 
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modern computers and better random number generators. Today one feature that makes MC more advantageous than 
deterministic algorithms is its efficiency in working on parallel and more powerful computers where faster and more 
complex simulations become possible. 

From its early applications, Monte Carlo method was seen as the perfect tool to evaluate the complex nature of the 
transport of radiation particles in material media. This was in part due to the randomness inherent in certain properties of 
radiation and its interactions with atoms. For example, the value of the parameters such as the type, position, energy, and 
flight direction of a source particle emitted in a radioactive volume have all certain levels of probability involved. In 
addition, the cross section for any interaction between a particle and the atoms and molecules of a material is of a 
probabilistic nature. It is therefore no surprise that MC has found very practical applications in modeling the transport 
phenomenon of radiation in materials.  

As a result of a MC implementation of radiation and its interactions, many quantities such as flux, energy deposition, 
pulse height distributions, dose, etc. may be obtained with ease as compared to the application of deterministic 
calculations or physical measurements. The advantage of MC over both alternatives is apparent since cross sections are 
evaluated data based on calculations and measurements. Therefore, MC is sometimes considered as the benchmark 
method in radiation dosimetry and provides a golden standard that can in many cases replace complex measurements and 
oversimplified deterministic calculations.  

In determining dosimetric quantities in industrial or the medical uses of radiation, this feature becomes more advantageous 
since both the absorbed doses in organs or tissues and the resultant effective dose due to a radiation exposure of the public 
or the personnel are impractical to obtain from direct measurements or deterministic calculations. A Monte Carlo model 
of a human body which includes organ representations as realistically as possible will serve as a computational tool to 
calculate particle flux or absorbed dose in various anatomic structures of interest. These body models known as phantoms 
have been used in dosimetric studies for the last several decades. They were first mathematical in nature where 
geometrical surfaces and planes were used in combination to represent the shapes of body organs and tissues. Later, with 
the development of imaging modalities and the invention of more powerful computers, tomographic models were devised 
based on CT, MR or color photographs of the human body. It should be noted that although the former types of phantoms 
are referred as standard or reference models, the latter types of phantoms are far from being standard since they rely on 
body information of specific individuals. 

These body models are now used in many applications of medical and health physics where a more accurate representation 
of human anatomy is required for radiation protection purposes. One can, for example, calculate personnel doses from 
these models and Monte Carlo codes where the phantom represents a radiation worker in an environment with a radiation 
source. In medical applications, the doses to patients as well as the medical providers can be determined without difficulty 
where the phantom can now represent the patient under study.  

Whatever the application is, the computational codes and phantoms are valuable tools in medical and health physics that 
provide essential information that is not available through conventional means. Recent studies are focused on developing 
patient-specific computational phantoms. 

References 
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SO(6) Representation of Eigenstates in the Prolate to Oblate Shape Phase 
Transitional Region  

H. SABRI, A. GHALE ASADI, O. JABBARZADE, N. FOULADI 

University of Tabriz, Physics Dept., Tabriz, Iran 

Abstract 

We have devoleped a computional code to determine the SO(6) representation of eigenstates for Pt isotopes which are 
located in the prolate to oblate shape phase transitional region. Parameter free (up to overall scale factors) predictions for 
spectra, B(E2) transition rates and two neutron separation energies are found to be in good agreement with experimental 
data. 

Introduction 

Investigation of significant changes in energy levels and electromagnetic transition rates resulting in the shape phase 
transitions [1-4] from one kind of collective behavior to another has received a lot of attention in recent years. The new 
symmetries called X(5) and E(5) are obtained within the framework of the collective model. These dynamical symmetries 
have employed to describe the atomic nuclei at the critical points. In the interacting boson model (IBM) framework [1-
5], a very simple two-parameter description has been used leading to a symmetry triangle describing many atomic nuclei. 
This model describes the nuclear structure of the even–even nuclei within the U(6) symmetry, possessing the U(5), SU(3) 
and O(6) dynamical symmetry limits. No phase transition is found between the SU(3) and O(6) vertices of the triangle. 
However, as discussed in Refs. [5-9] in the context of catastrophe theory, an analysis of the separatrix of the IBM-1 
Hamiltonian in the coherent state formalism shows that there is a phase transition in between oblate (𝑆𝑈(3)) and prolate 
(SU(3)) deformed nuclei. This phase transition and its critical point symmetry, which in fact, coincides by the O(6) limit 
has described from the standpoint of physical observables in Refs. [5-9] by Jolie et al. In this paper, we have considered 
phase transition between SU(3) and 𝑆𝑈(3)	limits of IBM. A simple Hamiltonian with two control parameters was used 
[3-4]. Also, the SO(6) representation [8-9] of eigenstates is obtained and then, matrix elements of quadrupole term in 
Hamiltonian are determined for systems with total boson number N=3,4. Variation of control parameter, i.e. c, between 
SU(3) and 𝑆𝑈(3)	limits suggest level crossing and also represent significant changes in quadrupole transition rates. Also, 
parameter free prediction for energy spectra and B(E2) transition rates by c=0, have compared with the most recent 
available experimental data for some nuclei which known as the empirical evidences for O(6) dynamical symmetry limit, 
namely 198-200Pt isotopes which an acceptable degree of agreement is achieved. 

In the Interacting Boson Model (IBM), one would achieve a very simple two parameters description leading to a symmetry 
triangle which is known as extended Casten triangle [1]. To consider transitional regions, it is parameterized using simple 
Hamiltonian as has been introduced in Refs. [3,8]. 

  𝐻 𝑁, 𝜂, 𝜒 = 𝐸. + 	𝜂𝑛1 +
234
5
𝑄7𝑄7 + 𝐶𝐿:       (1) 

Where 𝑛1 = 𝑑< ∙ 𝑑 is the d-boson number operator and 𝑄> = (𝑠<𝑑 + 𝑑<𝑠)(:) + 𝜒(𝑑<×𝑑)(:) represents the quadrupole 

operator and 𝑁 = 𝑛A + 𝑛1  stands for the total number of bosons. h and c are regard as control parameters and can vary 

within the range 𝜂 ∈ [0,1] and 𝜒 ∈ [− 7 2 , + 7 2]. The transitional region in this study, namely prolate-oblate 
transitional region, passing through the O = 6 dynamical symmetry limit, is known to be situated close to the upper right 
leg of the extended Casten triangle with h = 0.  

Algebraic structure of IBM in the SO(6) basis has been described in detail in [8-9]. Here, we briefly outline the basic 
ansatz and summarize the results. Classification of states in the SO(6) representation is [8]. 



2nd International Conference on Theoretical and Experimental Studies in Nuclear Applications and Technology 

 
TESNAT 2016               Hatay, Turkey 10 

𝑈(6) ⊃
↓
[𝑁]

𝑆𝑂(6) ⊃
↓
[∑]

𝑆𝑂(5) ⊃
↓
[𝜏]

𝑆𝑂(3) ⊃
↓
[𝐿]

𝑆𝑂(2)
↓
[𝑀]

    (2) 

with using similar procedure which has done in [8], we show [𝑁] 𝑁 (𝜏)𝜈∆𝐿𝑀  as eigenstates with zero eigenvalues and 
the normalized two-boson SO(6) representation for systems with total boson number N = 4-5. Now, with using these 
eigenstates, the energy spectra for considered systems are determined as 

𝑁 𝜎 𝜏 𝜈∆𝐿𝑀 𝐻 𝑁 𝜎 𝜏 𝜈∆𝐿𝑀 = 𝐸. + 𝜂𝑛1 + UVW
X 𝜀 + 𝐶𝐿 𝐿 + 1   (3) 

Since, Hamiltonian (1) is not diagonal in SO(6) basis, we have solved the eigenvalue problem numerically. The e term in 
Eq. (3) denotes the analytical expressions of quadrupole term in Hamiltonian as presented in [8]. On the other hand, The 
reduced electric quadrupole transition probabilities B(E2) are considered as observable which as well as quadrupole 
moment ratios within the low-lying state bands prepare more information about nuclear structure.The electric quadrupole 
transition operatör [8]. 

 

Fig. 1. Extended Casten triangle for all four dynamcal symmetries. 

† † (2) † (2)( 2) [( ) ( ) ]                       ,                                                                                 (4)T E e s d d s d dc= + +  

would employ in the consistent-Q formalism [8-9], namely, with the same c value as considered Hamiltonian. The 

reduced electric quadrupole transition rates between i i f fJ Ja a® states are given by 

2
( 2)

( 2; )         ,                                                                             (5)
2 1

f f i i
i i f f

i

J T E J
B E J J

I

a a
a a® =

+  

We have used the SO(6) representation for considered states in the calculation of energy spectra, quadrupole transition 
probabilities and two neutron separation energies which results are presented in the Figs. 2 and 3 for 198-200Pt isotopes, 
respectively and also compared with the experimental counterparts. These nuclei are known as the best candidates to 
locate near or in the critical point of oblate to prolate phase transitional region, e.g. O(6) dynamical symmetry. 

Energy spectra which obtained in this approach are generally in good agreements with the experimental data and indicate 
the elegance of extraction procedure which presented in this technique and they suggest the success of guess in 
parameterization. Results of present analysis for different quadrupole transition ratios interpret a satisfactory agreement 
in comparison with experimental counterparts [29-30], too. In all tables of the present paper, the uncertainties of 
experimental data which are smaller than the size of symbols are not represented. 

Energy spectra which obtained in this approach are generally in good agreements with the experimental data and indicate 
the elegance of extraction procedure which presented in this technique and they suggest the success of guess in 
parameterization. Also, our results for different quadrupole transition ratios interpret a satisfactory agreement in 
comparison with experimental counterparts where the uncertanity in the intra-band transitions is increased in comparison 
with interband ones. These results give information on the structural changes in nuclear deformation and shape-phase 
transitions. These results may interpret these nuclei as situated on or very near the SU(3) ! 𝑆𝑈(3)	 leg of the extended 
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Casten triangle. They exhibit a prolate-oblate phase transition in their shape which can be described at the transition by 
the O(6) limit of the IBM. The results obtained reinforce this new interpretation. 

  

Fig. 2. Energy spectra, B(E2) transition probailities (in W.u.) and 
two neutron separation energies for198Pt which are determined by 
Eq. (3). Experimental counterparts are taken from [10]. 

Fig. 3. Energy spectra and two neutron separation energies for198Pt 
which are determined by Eq. (3). Experimental counterparts are 
taken from [11]. 
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Cross Section Predictions for Nucleon Induced Nuclear Reactions of the 
Scandium-45 Using Different Level Density Models 

M. YIGIT 

Aksaray University, Physics Dept., Aksaray, Turkey 

Abstract 

In the present paper, the cross sections of the nucleon-induced nuclear reactions on 45Sc nucleus have been calculated 
using ALICE/ASH code. The different nuclear level densities in the calculations were carried out obtaining a good 
agreement between the calculated and experimental data. The Weisskopf Ewing theory for the reaction equilibrium 
process has been employed. In this context, the calculated excitation functions for 45Sc(n,2n)44Sc, 45Sc(n,p)45Ca, 
45Sc(n,2p)44K, 45Sc(n,3He)43K, 45Sc(p,n3p)42K and 45Sc(p,3p)43K nuclear reactions were discussed and compared with the 
available measured data.  

Introduction 

Obtaining safe and clean energy is the most serious problem of today’s world [1]. Nuclear fusion offers the numerous 
attractive features, as large scale energy source, including no emissions of greenhouse gases, broadly available, no long 
lived radioactive waste, and no risk of a serious accident [2]. The nuclear reaction theory is strongly dependent on the 
understanding of the nuclear reaction cross sections induced by nucleons [3]. On the other hand, the nucleon-induced 
nuclear reaction cross section data have a critical importance on nuclear fission and fusion reactors. These cross sections 
can be widely used for the investigation of the structural materials of the reactors, tritium breeding ratio, radiation damage 
of alloys and metals, the neutron multiplication, the nuclear heating in the components, neutron spectrum, the nuclear 
reaction rate in the blanket, and neutron dosimetry [4]. Scandium material is an important structural material for nuclear 
devices. The experimental cross section data are available in EXFOR for nucleon-induced reactions [5]. The nuclear 
reactions produced by neutron and proton particles are important to test the validity of nuclear models. Moreover, the 
nuclear level densities are required for the calculation of reaction cross sections. In the present work, the cross sections 
of nuclear reactions 45Sc(n,2n)44Sc, 45Sc(n,p)45Ca, 45Sc(n,2p)44K, 45Sc(n,3He)43K, 45Sc(p,n3p)42K and 45Sc(p,3p)43K for 
the Scandium-45 fusion structural material were obtained using different level density models by the computer code 
ALICE/ASH [6]. The obtained nuclear reaction cross section data have been compared with the each other and against 
the measured values. 

Methods 

The different level densities in nuclear reaction models for predicting the cross sections in this study have been used. 
They are several models for the nuclear level density in ALICE/ASH computer code [6]. The equilibrium emission of 
particles in this code is determined according to Weisskopf Ewing model (WEM) [7] by neglecting the angular momentum 
and parity. Furthermore, the equilibrium (compound) nucleus reaction occurs on a very much longer time scale ( @ 10-16 
to 10-18 s). In the compound model, the basic nuclear parameters are binding energies, the pairing energy, inverse reaction 
cross section and the nuclear level density parameters. The nuclear reaction cross section for incident channel “a” and 
exit channel “b” can be written as follows [6], 
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. On the other hand, the pre-

equilibrium process plays an important role in nuclear reactions induced by light particles with the projectile energies 
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above about 8-10 MeV. It was also shown that with some freedom in the choice of parameters, these nuclear models for 
high energy reaction processes could give reasonable fit to the observed angular distributions and energy of the emitted 
particles. The equilibrium and pre-equilibrium emission spectrums in accordance with,  

)(),,()()()( nnEWEDE
d
d

b
n

bincabinc
r
abb

b

ab tese
e
s å= ,  (2) 

where the term 𝜎Z[\ (𝐸]^_) denotes the cross section of the reaction (a,b). The term “𝜏(𝑛)” represents the solution of the 
master equation. The term 𝑊[(𝐸, 𝑛, 𝜀[) denotes the emission probability of a particle type “b” with energy “𝜀[” from a 
state with “n” excitons and “E” excitation energy of the compound nucleus. The term Dab(𝐸]^_) is a coefficient taking 
into account the decrease in the available cross section due to the particle emission by direct interactions with low 
excitation energy levels of the target nucleus [6]. The hybrid model (HM) for nuclear reactions was formulated by Blann 
[8]. The hybrid model, known as geometry dependent hybrid model (GDHM) has been developed considered as density 
distributions of nucleus by Blann and Vonach [9]. So, the GDHM to the density dependent version of the hybrid model 
takes into account the density distribution of the nucleus [9]. TENDL library [10] is a data library that provides the output 
of the TALYS nuclear computer code for direct use in both basic physics and applications with some modifications. 

Results 

The calculated excitation functions of 45Sc(n,2n), 45Sc(n,p), 45Sc(n,2p), 45Sc(n,3He), 45Sc(p,n3p) and 45Sc(p,3p) nuclear 
reactions are compared with the existing experimental cross section data and the TALYS-based TENDL data in graphical 
form in Figs 1-6. The changing of nuclear level densities in pre-equilibrium GDHM [11-13] has a negligible change on 
excitation functions for considered reactions. In general, the nuclear cross section calculations with the pre-equilibrium 
models give quite similar spectra. Large discrepancies in pre-equilibrium and equilibrium model cross section calculations 
for 45Sc(n,2n) and 45Sc(n,p) nuclear reactions are observed above 30 MeV energy. The cross section calculations including 
hybrid model done using the ALICE/ASH computer code are in good agreement with experimental data points for 
45Sc(n,2n) reaction. For 45Sc(n,p) reaction, the experimental values and TENDL cross section results have an acceptable 
agreement in existing experimental data region. The nuclear model calculations for 45Sc(n,2p) and 45Sc(n,3He) nuclear 
reactions give cross section values at neutron energies above about 15 MeV. These hybrid and GDHM calculations have 
quite similar cross sections. For 45Sc(p,3p) nuclear reaction, pre-equilibrium model calculations are in acceptable 
agreement with the experimental results. Calculated cross section results using the nuclear models for 45Sc(p,n3p) reaction 
are nearly constant above 50 MeV. Furthermore, the obtained nuclear excitation function results using the different level 
density models have the different cross section data. So, the excitation functions obtained in this paper may be useful in 
advanced reactor designs including 45Sc structural material. 
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Fig. 1 Calculated cross section data via the different nuclear models, 
and the experimental cross section data for nuclear reaction 
45Sc(n,2n) 

Fig. 2 Calculated cross section data via the different nuclear models, 
and the experimental cross section data for nuclear reaction 
45Sc(n,p) 
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Fig. 3 Calculated cross section data via the different nuclear models, 
and the experimental cross section data for nuclear reaction 
45Sc(n,2p) 

Fig. 4 Calculated cross section data via the different nuclear models, 
and the experimental cross section data for nuclear reaction 
45Sc(n,3He) 
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Fig. 5 Calculated cross section data via the different nuclear models, 
and the experimental cross section data for nuclear reaction 
45Sc(p,3p) 

Fig. 6 Calculated cross section data via the different nuclear models, 
and the experimental cross section data for nuclear reaction 
45Sc(p,n3p) 
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Abstract 

The present paper aims to obtain a new empirical formula for the (d,α) cross sections at incident deuteron energy of 10.4 
MeV. The obtained formula includes two parameters on target nuclei with 24 ≤ A ≤ 70. Obtained (d,α) cross section 
formula results are compared with the existing experimental data. Finally, the new formula gives a good fit in calculating 
the (d,α) reaction cross sections at 10.4 MeV energy. 

Introduction 

Cross section calculations play a fundamental role in nuclear reaction theory. There are various ways to determine the 
reaction cross sections in nuclear physics. Especially nuclear cross sections at certain energies can be obtained from the 
cross section systematic. So, the empirical and semi-empirical systematics play important role in various theoretical 
calculations in the field of nuclear physics. There are lots of empirical and semi-empirical formulae for the cross section 
calculations of neutron and proton induced nuclear reactions. On the other hand, the cross sections of the nuclear reactions 
induced by the deuteron particles have a critical importance on fusion devices. The cross section data can be mostly used 
to investigate the candidate structural materials of the fusion devices, heating in the components and radiation damage of 
metals and alloys [1-3].  

In present work, the empirical formulas developed by modifying the original formula of Levkovskii [4], and by 
considering the formulas of Tel et al. [5] with the new parameters were presented to predict the (d,α) reaction cross 
sections at 10.4 MeV energy. We researched the effect of Coulomb and Q-value for (d,α) reaction cross sections. 

Cross Section Systematics 

The empirical and semi-empirical formulas for the different nuclear reactions are applied for the creation of the cross 
section systematic investigations. In addition, the empirical expression includes the exponential dependence of the nuclear 
cross sections upon the numbers of neutron and proton particles in nuclei. The empirical formulas induced by Levkovskii 
are mostly used for nuclear cross section calculations. The formulas of Levkovskii for the (n,p) and (n,α) nuclear reaction 
cross sections at the 14 MeV projectile energy can be written as follows [4],  

𝜎^,a ≈ 𝜎^𝑒
3dd XVe

f   and 𝜎^,Z ≈ 𝜎Z𝑒
3dd XVe

f 	(1) 

	In these formulas,	𝜎^ = 𝜋𝑟i: 𝐴4 d + 1
:
; 𝜎Z = 0.4𝜋𝑟i: 𝐴4 d + 1

:
 and 𝑟i = 1.2 ∗ 1034d cm. The proton (𝑝) and alpha 

(𝑎) emission probabilities according to Levkovskii’s formulas increase with increasing the relative proton number. 
Finally, the empirical approach for of nuclear reactions cross sections induced by fast neutrons can be approximately 
defined as follows, 

𝜎^,7 = 𝐶𝜎^p𝑒 ZA 	(2) 

where, the term “𝑠” is asymmetry parameter, the term “𝜎^p” is neutron non-elastic cross section, the term “𝑥” denotes 
particle of the nuclear reaction induced, the coefficients “𝐶” and “	𝑎” are the fitting parameters obtained from least squares 
method for different reactions.  

Similarly, Tel et al. have assumed that the empirical cross sections with coulomb effects of the nuclear reactions induced 
by proton particles can be written in the following form [5], 
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𝜎a,7 = 𝐶𝜎r.st𝑒ZA (3) 

where the term “𝜎r.st” represents the proton coulomb effect cross section, and also the coefficients “𝑎” and “𝐶” are the 
fitting parameters [1,5]. 

Results 

It is known that the precise knowledge of the systematic trend has a great importance in the comparison of the cross 
sections among the discrepant experimental data and in the estimation of the unknown cross section data [6]. (d,n) and 
(d,p) cross sections of nuclear reactions induced by deuterons are strongly dependent on Q-values of reaction [1,3]. 
Finally, the same relation can be expected for the (d,α) nuclear reaction cross sections.  

It has been analyzed the shape of the cross sections of the (d,α) nuclear reaction at maximum region of excitation functions 
in this study. The maxima of the deuteron energy points for the (d,α) nuclear reaction of the incident deuteron particles 
are at energy ~ 10.4 MeV. In addition, we reduced to the deuteron energies at 10.4 MeV for the (d,α) measured cross 
section values at 10.4 ± 1.7 MeV. 

It has been assumed that the empirical cross sections of (d,α) nuclear reactions induced by deuteron particles can be 
approximately defined in the follows as, 

𝜎r.st ≈
vw

x
W yz4

 and 𝜎1,{ = 𝐶𝜎r.st𝑒Z| (4) 

Where the term “𝜎r.st” represents the deuteron coulomb effect cross section. The coefficients “𝐶” and “𝑎” have been 
presented the fitting parameters determined from least squares method in Table 1. In Fig. 1, it has been presented the Q-
values by depending up on the mass number of the investigated target nuclei in this paper. The fitting parameters 
depending on Q-values have been introduced the empirical formula including the coulomb effects for all target nuclei 
having mass numbers for the (d,α) nuclear reactions at 10.4 MeV incident energy. On the other hand, Q-value dependence 
of the empirical cross sections including Coulomb effects has been given for (d,α) nuclear reactions induced by 10.4 MeV 
incident deuteron energy in Fig. 2. Additionally, the comparison of the experimental cross sections to the obtained cross 
sections with the empirical formula developed in this paper is given in Fig. 3 and also in Table 2. The measured cross 
section data were taken from Ref. [7]. The experimental points for deuteron reactions in the present study were fitted with 
the formula 𝜎1,{ = 𝐶𝜎r.st𝑒Z|. So, the R2 correlation coefficient was determined as 0.98. As seen from the Table 2, the 
calculated excitation functions via the obtained empirical formula are the agreed with measured experimental data. 
Finally, the cross sections obtained from the deuteron empirical formula present a valid description for (d,α) reactions.  
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Fig. 1. Q-values for (𝑨 = 𝟐𝟒~𝟕𝟎) target nuclei used in the present 
paper at 10.4 MeV deuteron energy 

Fig. 2. Q-value dependence of the empirical cross sections including 
Coulomb effect of (d,α) nuclear reactions induced by 10.4 MeV 
incident deuteron energy.  
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Table 1. The coefficients	𝒂 and	𝑪 determined for (d,α) nuclear reactions at 10.4 MeV incident deuteron energy 

Mass Number 𝑪 𝒂 𝝈 𝒅, 𝜶 = 𝑪𝝈𝑪𝒐𝒖𝒍𝒆𝒙𝒑 𝒂𝑸  𝐑𝟐 

24 ≤ A ≤ 70 32.56 −0.94 𝜎 𝑑, 𝛼 = 32.56
𝑍:

𝐴4 d + 1
𝑒𝑥𝑝 −0.94𝑄  0.98 

 

Table 2. The comparison of the empirical formula results and experimental data at the incident deuteron energy of 10.4 MeV for (d,α) nuclear 
cross sections in the present paper  

Target 
nucleus 

Q-value 
(MeV) 

𝝈experimental 
(mb) 𝝈empirical formula (mb) 

24Mg 1.958 190 191.60 
32S 4.895 41 ∓ 6 20.04 

46Ti 4.399 63.4 ∓ 2 55.02 
48Ti 3.979 41.2 80.76 
54Fe 5.163 34 ∓ 4 35.93 
58Ni 6.522 49 ∓ 3.2 11.4 
66Zn 7.235 28 ∓ 4 6.47 
70Ge 7.234 24 ∓ 3 7.25 
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Abstract 

One speed, time independent neutron transport equation for a slab geometry with the triplet anisotropic scattering kernel 
is considered. For a slab in plane geometry, which has τ thickness, albedo and the transmission factor can be calculated. 
In this study a different boundary condition has added to albedo problem that there is an inner reflecting on the right side 
of slab. The albedo and transmission factor can be investigated for this inner reflecting effect. Some selected numerical 
values can be calculated and tabulated.  

Introduction 

The one-speed and time independent neutron transport equation is given 

( ) ( ) ( ) ( )
1

1

Ψ ,
Ψ , , Ψ ,

2
x cx f x d
x
µ

µ µ µ µ µ µ
-

¢
¶

= ¢+
¶

¢ò    (1) 

where 𝜇� is the direction of the scattering,	𝑓 𝜇, 𝜇�  is the scattering function and defines the scattering probability of 
neutrons, Ψ 𝑥, 𝜇  is the number of the neutrons at 𝑥 position and 𝜇 direction. 𝑐 is the secondary neutron number. It is a 
ratio between the cross sections. Since a homogeneous medium the cross sections are constant, 𝑐 becomes a constant for 
a homogeneous medium. 

Eq. (1) is a homogeneous integro-differantial equation and it can be solved by using the method of separation variables. 
This method is known as Case method [1]. This method contains Case’s eigenfunctions and the orthogonality relations 
among them. There are a lot of methods to solve Eq. (1) such as CN method, FN method, SN method, PL method, Discreet 
ordinated method, Modified FN method and Singular eigenfunction method.  

In this study, by using Modified FN method the slab albedo problem is investigated for the pure-triplet anisotropic 
scattering. The scattering function which is represented as	𝑓 𝜇, 𝜇�  can be expand a series with terms of Legendre 
polynomials, which was used by Mika [2]. Here we are taking into the only 4th term of this expansion, which called as 
pure-triplet anisotropic scattering. The details of this scattering has been derived in Ref. [3,4]. The slab albedo problem 
without a reflective coefficient has been investigated in Ref. [5]. 

The general solution of Eq.(1) is given    

( ) ( ) ( ) ( ) ( ) ( ) ( )0 0

1

0 0 0 0
1

, , , ,
x x x

x A e A e A e dn n nµ n f n µ n f n µ n f n µ n
- -

-

Y = + - - + ò   (2) 

where ( )0 ,f n µ±  ve ( ),f n µ are Case’s eigenfunctions, respectively 𝐴 ±𝜈.  and 𝐴 ±𝜈  are the arbitrary expansion 

coefficients. 
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The Slab Albedo Problem 

The aim of the problem is to obtain the reflected and the transmitted angular fluxes in a source free medium – 𝑎 < 𝑥 < 𝑎 
for a beam incident on the surface at 𝑥 = −𝑎. The angular flux at 𝑥 = 𝑎	can be written as; 

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) [ ]

0 0
0 0 0 0

1 1

0 0

, , ,

, , , 1,1

a a

a a

a A e A e

A e d A e d

n n

n n

µ n f n µ n f n µ

n f n µ n n f n µ n µ

-

-

Y = + - -

+ + - - Î -ò ò
  (3) 

Here Ψ 𝑎, 𝜇 	 and Ψ 𝑎,−𝜇  represent the outgoing and the incoming angular fluxes for 0µ >  at  𝑥 = 𝑎 respectively. 

The unknown coefficients 𝐴 ±𝜈.  and 𝐴 ±𝜈  can be obtained by using Case’s orthogonality relations.  The angular 
fluxes at the boundaries are 

( ), , 0, 1,2,3,....a gµ µ µ gY - = > = ,     (4) 

( ), , 0
N

a aµ µ µY - - = >å ,       (5)

( ), , 0
N

a bµ µ µY = >å        (6) 

( ) ( ), , , 1, 0a R a Rµ µ µY - = Y < >      (7) 

and the albedo and transmission factor can be written as 

( ) ( )
0 0

2 , 2
2 2

N Na bTb g g
= =

= + = +
+ +å å        (8) 

In order to calculate the unknown coefficients 𝑎 and	𝑏, we multiply Eq. (12) by 1mµ + , integrate over [ ]0,1µÎ  

( )0,1,2,......m =  and the following result is obtained.  

m m ma T bU V g+ =å å          (9) 

where  
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We can rewrite Eq.(12) for ( ),a µY , fellow the same procedure, we get 

m m ma P b Q Sg+ =å å          (13) 

where 

( ) ( )
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Numerical Results  

We can find the numerical results of albedo and the transmission factor which are given in Eq.(8). To get an equation 
system, we can use Eq. (9) and Eq. (13); thus, we can calculate the albedo values and the transmission factors. The 
calculated results can be tabulated in Table 1 and Table 2. Table 1 represents the albedo and the transmission factor for  
c = 0.8, f = -0.14 and t = 1. Table 2 represents the only 8th approximations for albedo and transmission factors for c = 0.8, 
f = -0.14 and t = 1 with the varying reflective coefficient.  

Tablo 1 The albedo and the transmission factor values for c = 0.8, f = -0.14 and t = 1 

N R = 0.25 R = 0.5 R = 0.75 

b T b T b T 
0 0.33256053 0.44608946 0.38646639 0.48336365 0.45020210 0.52743487 
1 0.33521636 0.44484890 0.39064274 0.48014501 0.45505672 0.52243940 
2 0.33521797 0.44481265 0.39063910 0.48008393 0.45504017 0.52236235 
3 0.33521649 0.44480742 0.39063731 0.48007423 0.45503689 0.52234635 
4 0.33521926 0.44480431 0.39064210 0.48006899 0.45504298 0.52233872 
5 0.33521934 0.44480437 0.39064224 0.48006922 0.45504327 0.52233916 
6 0.33521950 0.44480439 0.39064261 0.48006917 0.45504376 0.52233902 
7 0.33256053 0.44608946 0.38646639 0.48336365 0.45020210 0.52743487 

 

Tablo 2 The albedo and the transmission factor values for c = 0.8, f = -0.14 and t = 1 

N 
R = 0.25 R = 0.5 R = 0.75 

b T b T b T 

7 0.325283556 0.4471918 0.38115942 0.4820086 0.44582792 0.52316131 
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Abstract 

In this study, double differential deuteron emission cross sections, necessary in determination of heating and damages in 
structural fusion material research, of 94,95,96Mo target nuclei have been theoretically calculated by the TALYS 1.8 code 
at 14.8 MeV neutron incident energy and also compared with available experimental data in EXFOR library.  

One can see that the pre-equilibrium contribution was existed in the deuteron emission and the direct reaction contribution 
also was seen as dominant in higher particle emission energies.  

Introduction 

In fusion reactor development, the necessity of double differential cross section (DDX) data of light charged particles 
emitted due to neutrons impact to reactor devices, especially first-wall and blanket, is discussed in several studies [1–9].  

The candidate reactor structural materials can be classified according to their activation characteristics: C, Si, Ti, Fe, Cr 
and V are considered as low activation elements and Al, Ni, Ag, Co and Nb elements are some of the high activation 
materials [10–13]. The choice of the structural materials for reactor components depends not only on mechanical 
properties, compatibility with other materials and irradiation performance, but also on their radiological properties [14–
16].  

The neutron radioactivity is related with the irradiated material. First-wall and blanket materials have high radioactivity 
concentration due to being the most neutron flux exposed components. Therefore, structural material selection will has 
been delimitated the radioactivity in a fusion reactor [17]. The development of fusion reactor structural materials with 
good thermo-mechanical and physical properties coupled with low activation characteristics is the aim of the fusion 
structural material research studies. Ni and its alloys have been irradiated with 14–15 MeV neutrons in several studies to 
determine H trapping and He bubbles effects and also displacement per atom (DPA) of the material [18–22]. 

Molybdenum and copper alloys are considered candidate materials for the heat-sink system of the divertor of ITER. The 
design which includes graphite tiles on molybdenum substrate has been prefered for the physics stage of the divertor [23]. 
The main advantage of such a solution is the similarity of the coefficients of thermal expansion for molybdenum and 
graphite, which permits significant reduction in the levels of thermal stresses. 

The DDX of light charged particle emission have been investigated by several researches both experimentally [3, 4, 6, 24 
–29] and theoretically [8, 9, 30–35]. 

In this study, the DDX for the emission of deuteron from 94,95,96Mo target nuclei, structural fusion materials, induced by 
14.8 MeV neutrons have been calculated using TALYS 1.8 code and the results have been compared with the available 
experimental data in literature. 

Calculation Methods 

TALYS 1.8 code have been used in DDX calculation according to the compound, pre-equilibrium and direct mechanisms 
[38]. The TALYS 1.8 code is able to analyze and predict nuclear reactions induced by up to 1 GeV light particles (A ≤ 4) 
for target nuclei heavier than lithium [39].  

The two-component exciton model developed by Kalbach [40] was used for calculating the pre-equilibrium contribution 
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while the compound nucleus was calculated by the Hauser–Feshbach model [41]. Direct reaction calculation is obtained 
via the ECIS-97 [42] code which is implemented as a subroutine in TALYS. 

Calculations 

The DDX (d2σ /dΩ.dE) for deuteron emission cross sections for 94,95,96Mo target nuclei at emission angles 30, 45, 90 and 
135 have been calculated by the TALYS 1.8 code at 14.8 MeV incident neutron energy. The calculated values of the 
emitted d particles at given angles have been compared with the available experimental data of Grimes et al. [43] taken 
from the EXFOR [37] library in Figs. 1-3. 

 
 

Fig. 1. The comparison of calculated ddx of (n,d) reaction on 94Mo 
with the experimental data reported in literature. Experimental 
values were taken from EXFOR [37]. 

Fig. 2. The comparison of calculated ddx of (n,d) reaction on 95Mo 
with the experimental data reported in literature. Experimental 
values were taken from EXFOR [37]. 

 

Fig. 3. The comparison of calculated ddx of (n,d) reaction on 96Mo with the experimental data reported in literature. Experimental values were 
taken from EXFOR [37]. 

The theoretically calculated DDX of deuteron emissions are compared with the available experimental data in Figs. 3, 4 
and 5 for 94Mo, 95Mo and 96Mo respectively. The preequilibrium process is dominant for deuteron emission up to the most 
probable energies whereas the higher energy deuteron particles are emitted through the direct reaction. 
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The Investigation of Radiation Damage in Structural Material for Certain 
Fluids Using the Monte Carlo Method 
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Abstract 

In this study, salt-heavy metal mixtures consisting of 93–85% Li20Sn80 + 5% SFG-PuO2 and 2-10% UO2, 93–85% Li20Sn80 

+ 5% SFG-PuO2 and 2-10% NpO2, and 93–85% Li20Sn80 + 5% SFG-PuO2 and 2-10% UCO were used as fluids. The fluids 
were used in the liquid first-wall, blanket and shield zones of the designed hybrid reactor system. A beryllium (Be) zone 
with a width of 3 cm was used for neutron multiplicity between the liquid first wall and the blanket. 9Cr2WVTa ferritic 
steel with the width of 4 cm was used as the structural material. 

Proton, deuterium, tritium, He-3 and He-4 gas production rates are the parameters of radiation damage. In this study, the 
effect on the radiation damage of the selected fluid according to energy spectrum and each 1.0 cm thickness in the 
structural material were investigated for 30 full power years (FPYs). Three-dimensional analyses were performed using 
the most recent MCNPX-2.7.0 Monte Carlo radiation transport code and the ENDF/B-VII.0 nuclear data library.  

Introduction 

The hybrid reactor system, in which nucleus fusion and fission events can be operated simultaneously, was developed to 
obtain more energy and nuclear fuel, decrease the waste amounts in storage areas, recover transuranic elements in used 
fuels through reprocessing, and render fission products harmless. When D-T fuel enters into a fusion reaction in hybrid 
reactor systems, 14.1 MeV fusion neutrons and 3.5 MeV alpha particles are released. The plasma is surrounded by a wall 
of fertile material (232Th, 238U). Thus, the high-energy 14.1 MeV fusion neutrons that are emitted from the plasma react 
with the fertile materials, resulting in fissile (233U, 239Pu) materials [1-6]. 

Radiation damage refers to the localized disruption of the crystal lattice of a solid by high-energy radiation passing 
through it. The important damage for structural materials is a displacement of atoms in the lattice as a result of collisions 
with very fast neutrons. This causes the structural material to be spoiled and the reactor life to be shortened. The serious 
damage mechanism is gas production in the metallic lattice resulting from nuclear reactions. Proton, deuterium, tritium, 
He-3 and He-4 gas production are radiation damage parameters. The lifetime of the structural material, which consists of 
ferritic steel behind the liquid second-wall, is assumed to be the life of the plant, which is 30 years [7-10]. 

Isotopic distribution of spent fuel-grade plutonium is 2.4% 238Pu, 58.5% 239Pu, 24% 240Pu, 11.2% 241Pu, and 3.9% 242Pu 
[11]. In the designed hybrid reactor system, Li20Sn80 was chosen for the molten salt. Be is used as a neutron multiplier. 
The Be(n,2n) reaction has an effective threshold of 2.5 MeV, above which the cross-section value is 0.5 barns [12]. In 
this study, a Be zone with a thickness of 3 cm was used between the liquid first-wall and the blanket. In this study, 
9Cr2WVTa ferritic steel was chosen as a structural material of the reactor system.  

The hybrid reactor system based on magnetic fusion energy (MFE) was designed using the ENDF/B-VII.0 nuclear data 
library and 93–85% Li20Sn80 + 5% SFG-PuO2 and 2-10% UO2, 93–85% Li20Sn80 + 5% SFG-PuO2 and 2-10% NpO2, and 
93–85% Li20Sn80 + 5% SFG-PuO2 and 2-10% UCO as the fluids. The main objective of this study is to investigate the 
effect of the selected fluid on the radiation damage according to energy spectrum and each 1.0 cm thickness in the 
structural material for the designed hybrid system. 

Method 

Hybrid Reactor 

The radial structure of the hybrid reactor system is shown in Table 1. The hybrid reactor system is toroidal. The radius of 
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the toroidal is 552 cm [13].  

Numerical Calculations 

Nuclear reaction cross-sections can be obtained in three different ways: experimental measurement, theoretical 
calculation and Evaluated Nuclear Data Files (ENDFs). For wide ranges of energy, measuring the cross-sections for all 
of the isotopes in the periodic table is infeasible both physically and economically. Therefore, model calculations play an 
important role in the evaluation of nuclear data [14,15]. 

The evaluated nuclear data file ENDF/B was first developed in the USA in 1968. New versions were published 
periodically following large-scale investigations and additional research. ENDF/B-VII includes data from 10-11 MeV to 
20 MeV for all isotopes and up to 150 MeV for certain isotopes [16,17]. 

The Monte Carlo method is generally preferred due to its success with three-dimensional complex geometry 
configurations of materials and physics problems using deterministic methods. In this study, the effect on radiation 
damage of the selected fluid were investigated using MCNPX-2.7.0 the Monte Carlo code and the ENDF/B-VII.0 nuclear 
data library. This study was performed with neutron wall loadings of 10 MW/m2 and fusion power of 4000 MW.  

Table 1. The radial build of the hybrid reactor system design 

Inboard side   Outboard side  
Zone r (cm)  Zone r (cm) 
SS316LN 276  Plasma 667 
Vacuum vessela 278  SOL 695 
SS316LN 294  Liquid First Walld 697 
GAP 296  Bee 700 
Shieldb 301  Blanketd 750 
Ferritic Steelc 350  Ferritic Steelc 754 
Blanketd 354  Shieldb 804 
Bee 404  GAP 838 
Liquid First Walld 407  SS316LN 840 
SOL 409  Vacuum vessela 866 
Plasma 437  SS316LN 868 

a) 80% SS316LN, 20% H2O b) 60% 9Cr2WVTa, 40% (93–85% Li20Sn80 + 5% SFG-PuO2 and 2-10% UO2, 93–85% Li20Sn80 + 5% SFG-PuO2 and 
2-10% NpO2, and 93–85% Li20Sn80 + 5% SFG-PuO2 and 2-10% UCO) c)100% 9Cr2WVTa d) 93–85% Li20Sn80+5% SFG-PuO2 and 2-10% UO2, 
93–85% Li20Sn80+5% SFG-PuO2 and 2-10% NpO2, and 93–85% Li20Sn80+5% SFG-PuO2 and 2-10% UCO e)100% Be 

Numerical Results 

In this study, the effect on the radiation damage parameters of the selected fluids according to energy spectrum and each 
1.0 cm thickness in the structural material were investigated for fifteen different fluids. 

A suitable structural material will have minimal radiation damage parameter values for proton, deuterium, tritium, He-3 
and He-4 gas production rates. To reduce the effect of radiation damage on the structure materials, neutrons in the blanket 
should be slowed and absorbed through nuclear reactions. Blankets and Be zones have fast neutron spectrums due to 
inelastic scattering of 7Li and absorption of 6Li in Li20Sn80 and (n,2n) reactions in beryllium. In addition, the presence of 
fissionable materials, such as SFG-PuO2, UO2, NpO2, and UCO in the liquid first wall, blanket and shield regions and 
their increasing ratios lead to an increased number of neutrons. Therefore, this process will increase the radiation damage 
on the first-wall material.  

Figs. 1-5 show the radiation damage parameters (appm/30 FPY) according to the neutron energy spectrum (0-20 MeV) 
in the structural material for the selected fluid ratios. With increased energy, the radiation damage parameters in the 
structural material remained unchanged. Figs. 1-5 show peak in energy interval approximately 14-16 MeV. Figs. 1-5 
show that proton, deuterium, tritium, He-3 and He-4 gas production rates were greatest with 10% NpO2 and the lowest 
with 2% UO2 heavy metal according to the energy spectrum in the structural material for other ratios and types of fluids.  
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Figs 1-5. The change of the proton, deuterium, tritium, He-3, He-4 production rate according to the neutron energy spectrum in the structural 
material for the selected fluids. 

Figs. 6-10 show the radiation damage parameters (appm/30 FPY) for each 1.0 cm thickness of the structural material for 
the selected fluid ratios. In Figs. 6-10, the radiation damage parameters in the structural material decreased with each 1.0 
cm of structural material thickness due to decreased distance from the plasma of the radial neutron flux distribution. This 
decrease between the minimum and maximum thicknesses of the structural material was approximately 1.9-fold for 
proton, deuterium, tritium, He-3 and He-4 gas production. Figs. 6-10 show that the proton, deuterium, tritium, He-3 and 
He-4 gas production rates were the greatest with 10% NpO2 and the lowest with 2% UO2 heavy metals. 
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Figs. 6-10. The proton, deuterium, tritium, He-3, He-4 production in the structural material for each 1 cm structural material thickness for the 
selected fluids. 

Conclusions  

This study investigated the effect on the radiation damage of the selected fluid according to energy spectrum and each 
1.0 cm thickness in the structural material of the designed hybrid system.  

In the calculation was observed that the total radiation damage parameters in structural material increases with increase 
in the heavy metals contents for selected the fluids. The radiation damage parameters depended on the energy in the 
structural material due to fission, fusion and other nuclear reactions, and had a peak approximately 14-16 MeV, decreasing 
thereafter. The values between the 0-20 MeV energy gap were approximately the same values in the system. The radiation 
damage parameters in the structural material decreased with the increase in each 1.0 cm thickness of the structural material 
due to decreased neutron flux at greater radial distances from the plasma. 
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In conclusion, the radiation damage parameters obtained according to neutron energy spectrum (0-20 MeV) and each 1.0 
cm thickness in the structural material with 93% Li20Sn80 + 5% SFG-PuO2 + 2% UO2 fluid showed the best performance 
of the fifteen tested fluids.  
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Three-Dimensional Monte Carlo Calculation of Neutron Flux for Some Fluids, 
Libraries, Structural Materials  
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Abstract 

In this study, a hybrid reactor system was designed by using 100% Flibe, 90% Flibe-10% ThF4, 90% Flibe-10% UF4 
fluids, ENDF/B-VII, JEFF-3.1, JENDL-4.0, ROSFOND, BROND-2.2, CENDL-3.1 evaluated nuclear data libraries and 
Ferritic Steel, 9Cr2WVTa, V4Cr4Ti, SiC structural materials. The fluids were used in the liquid first wall, liquid second 
wall (blanket) and shield zones of a fusion–fission hybrid reactor system. 

In the designed hybrid reactor system were calculated radial neutron flux distribution for the selected fluids, libraries and 
structural materials. Three-dimensional nucleonic calculations were performed using the most recent version MCNPX-
2.7.0 the Monte Carlo code. 

Introduction 

During their over 50 years of operation nuclear installations have been producing increasing amounts of highly radioactive 
waste. The waste management required as a result of fuel burning to generate energy from traditional nuclear reactors is 
one of the most important problems today. Transformation of wastes into stable and short-lived isotopes through nuclear 
reactions is a radical solution. For this reason, hybrid reactor system has been developed where fusion and fission occur 
at the same time. Hybrid reactor is a system developed to obtain more energy and nuclear fuel, decrease the waste amounts 
in storage areas, recover transuranic elements in used fuels through reprocessing, and render fission products harmless. 
Important advantage of hybrid reactor system is that it has a subcritical reactor system in which reactor can operate 
securely. In hybrid reactors, about 80% of the fusion power (D,T), 14.1 MeV, is carried with neutrons that penetrate the 
first wall and blanket and dissipate energy through exothermic nuclear reactions [1-5]. 

In this study have designed a hybrid reactor system using 100% Flibe, 90% Flibe-10% ThF4, 90% Flibe-10% UF4 fluids 
in liquid first wall, blanket and shield zones, ENDF/B-VII, JEFF-3.1, JENDL-4.0, ROSFOND, BROND-2.2, CENDL-
3.1 evaluated nuclear data libraries from 10-11 to 20 MeV and Ferritic Steel, 9Cr2WVTa, V4Cr4Ti, SiC structural 
materials. The effect on the radial neutron flux distribution of the selected fluids, libraries, structural materials were 
investigated in the designed hybrid reactor system. MCNPX-2.7.0 Monte Carlo code was used for three-dimensional 
neutronic measurements.  

Method 

Geometry Description 

The dimensions and materials of the hybrid reactor system are given in Fig. 1. The hybrid reactor system is torus [6].  

Numerical Calculations 

The experimental data are limited for neutron-produced reactions in certain energy ranges. Certain cross-sections, such 
as fission reactions, are insufficient. Nuclear reaction cross-sections can be obtained in three different ways: experimental 
measurements, theoretical calculations, and ENDF [7,8]. Nuclear reaction cross section library ENDF/B was developed 
in USA [9,10]. The data of the ENDF/B-VII libraries are very important for theoretical calculations. Nuclear reaction 
cross section library JEFF was developed in Europe. In 2005 version JEFF-3.1 was published, including radioactive decay 
data, activation data, and fission yields data [11]. Nuclear reaction cross section library JENDL was developed in Japan. 
In 2010 version JENDL-4.0 was published [9]. Nuclear reaction cross section library ROSFOND was developed in 
Russia. The ROSFOND library was published in 2010. Nuclear reaction cross section library BROND was developed in 
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Russia. The BROND-2.2 library was published in 1997 [9]. Nuclear reaction cross section library CENDL (Chinese 
Evaluated Nuclear Data Library) was developed in China. In 2009 version CENDL-3.1 was published. There are data 
tables for 50 isotopes in the energy range from 10-11 MeV to 20 MeV in the library [12].  

 

Fig. 1. The radial build of the liquid first wall/blanket concept with shielding. 

Neutron Flux 

It is important for neutronic calculations to know the flux distrubution of the neutrons in a nuclear fission reactor, fusion 
reactor, and hybrid reactor. In the nuclear reactors, the fast neutrons gradually slow due to collisions with the atoms of 
the moderator and the various nuclear processes taking place in the reactor [13]. As these formations are the functions of 
neutron energy, the neutron flux distribution should also be expressed as a function of neutron energy. The Boltzmann 
equation is a common way to calculate neutron flux in a reactor, which is given in below: 

 4
�
�
��
𝜙 𝑟, 𝛺, 𝐸, 𝑡 + 	𝛺. 𝛻𝜙 𝑟, 𝛺, 𝐸, 𝑡 + 𝑟, 𝐸, 𝑡 𝜙(𝑟, 𝛺, 𝐸, 𝑡) =� 	𝑞(𝑟, 𝛺, 𝐸, 𝑡) (1) 

4
�
�
��
𝜙 𝑟, 𝛺, 𝐸, 𝑡 = Change of neutron flux in unit time,  

𝛺. 𝛻𝜙 𝑟, 𝛺, 𝐸, 𝑡  = Neutron loss because of convection,  

𝑟, 𝐸, 𝑡 𝜙(𝑟, 𝛺, 𝐸, 𝑡)� 	= Neutron loss because of nuclear reactions. 

Terms in Eq. (1) for 𝑞(𝑟, 𝛺, 𝐸, 𝑡) can be defined as follow:  

𝑞 𝑟, 𝛺, 𝐸, 𝑡 = 	 𝑑𝐸� 𝑑𝛺∑ 𝑟, 𝐸� ⟶ 𝐸, 𝛺� ⟶ 𝛺 𝜙 𝑟, 𝛺�, 𝐸�, 𝑡 + 	𝑆(𝑟, 𝛺, 𝐸, 𝑡)	¦§
¨
i  (2) 

𝑑𝐸� 𝑑𝛺∑ 𝑟, 𝐸� ⟶ 𝐸, 𝛺� ⟶ 𝛺 𝜙 𝑟, 𝛺�, 𝐸�, 𝑡¦§
¨
i = Contribution of neutrons on neutron flux due to scattering,  

𝑆(𝑟, 𝛺, 𝐸, 𝑡)= Contribution of neutron source independent on the neutron flux. 

The Monte Carlo method provides an instrument to solve the equations by simulating the neutron activities. In this study, 
neutron transport calculations of the neutron flux distrubutions were investigated using MCNPX-2.7.0 to solve the 
Boltzmann transport Eq. (1), (2) with Monte Carlo code. This study was performed with neutron wall loadings of 10 
MW/m2 and fusion power of 4000 MW.  

Numerical Results 

In this study, hybrid reactor system have designed by using 100% Flibe, 90% Flibe-10% ThF4, 90% Flibe-10% UF4 fluids 
in liquid first wall, blanket and shield zones, ENDF/B-VII, JEFF-3.1, JENDL-4.0, ROSFOND, BROND-2.2, CENDL-
3.1 evaluated nuclear data cross section libraries from 10-11 to 20 MeV and Ferritic Steel, 9Cr2WVTa, V4Cr4Ti, SiC 
structural materials.  
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Fig. 2. The variation of the radial neutron flux distribution in the 
inboard and outboard of the reactor system for selected fluids, 
libraries and Ferritic Steel structural material. 

Fig. 3. The variation of the radial neutron flux distribution in the 
inboard and outboard of the reactor system for selected fluids, 
libraries and 9Cr2WVTa structural material. 

Figs. 2-5 show the radial neutron flux distribution for Ferritic Steel, 9Cr2WVTa, V4Cr4Ti, SiC structural materials, 
respectively, in the selected fluids, libraries, structural materials of the designed system.  
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Fig. 4. The variation of the radial neutron flux distribution in the 
inboard and outboard of the reactor system for selected fluids, 
libraries and V4Cr4Ti structural material. 

Fig. 5. The variation of the radial neutron flux distribution in the 
inboard and outboard of the reactor system for selected fluids, 
libraries and SiC structural material. 

The variation of the neutron flux distribution in the inboard and outboard of the reactor system decreases nearly 
exponentially with distance from the reactor center (plasma) for selected the structural materials. The radial neutron flux 
distribution calculated in Ferritic Steel, 9Cr2WVTa, V4Cr4Ti, SiC structural materials are, from large to small, 
respectively, 90% Flibe-10% UF4, 90% Flibe-10% ThF4, 100% Flibe fluids for the selected libraries. From Figs. 2-5, the 
neutron flux distribution in the designed system are greater for 90% Flibe-10% UF4 fluid, BROND-2.2 library, V4Cr4Ti 
structural material than for the other fluids, libraries, structural materials. 

Conclusions  

In this study were investigated the effect on the neutron flux distribution of selected fluids, libraries, structural materials. 
Neutron flux decreases with distance from the reactor center (plasma) due to nuclear reactions of atoms in the fuel zone. 
Therefore, in the calculation was observed that the radial neutron flux distribution decreases nearly exponentially with 
distance from the plasma for selected fluids, libraries and structural materials in the inboard and outboard of the reactor 
system. It was found that the neutron flux distribution of outboard values greater than inboard.  

In conclusion, the neutron flux distribution desirable values calculated in the designed reactor system with 90% Flibe-
10% UF4 fluid showed the best performance of the other fluids. 

 



2nd International Conference on Theoretical and Experimental Studies in Nuclear Applications and Technology 

 
TESNAT 2016               Hatay, Turkey 32 

References 

1. Şahin S., Übeyli M., Energy Convers. Manage., 46, pp. 3185-3201, (2005).  
2. Şahin H.M., Ann. of Nucl. Energy, 34, pp. 861-870, (2007).  
3. Şarer B., et al., Fusion Sci. Technol., 52, pp. 107-115, (2007).  
4. Günay M., et al., Ann. of Nucl. Energy, 38(12), pp. 2757-2761, (2011).  
5. Günay M., et al., Ann. of Nucl. Energy, 55, pp. 292-296, (2013). 
6. Ying A., et al., "Chapter 5: Thick Liquid Blanket Concept", APEX Interim Report, 1-172, (1999). 
7. Şarer B., et al., Ann. of Nucl. Energy, 36, pp. 417-426, (2009). 
8. Günay M., Ann. of Nucl. Energy, 53, pp. 59-63, (2013). 
9. Chadwick M.B., et al., "ENDF/B-VII.0: Next Generation Evaluated Nuclear Data Library for Nuclear Science and Technology", Nucl. Data 

Sheets, 107, pp. 2931–3060, (2006). 
10. Pelowitz D.B., MCNPX User’s Manual, Version 2.7.0, LA-CP-11-00438 (2011). 
11. Koning A.J., et al., Proceedings of the International Conference on Nuclear Data for Science and Technology, 177 (2004)  
12. 11th IAEA Consultants' Meeting of the Nuclear Reaction Data Centers, Summary Report. INDC(NDS)-262, (1991) 
13. Duderstadt J.J., Hamilton L.J., "Nuclear Reactor Analysis", New York: John Wiley & Sons (1976)  

  



2nd International Conference on Theoretical and Experimental Studies in Nuclear Applications and Technology 

 
TESNAT 2016               Hatay, Turkey 33 

Geant4 Simulation of Nuclear Interactions for Some Polymers Used as 
Radiation Shielding Material 

V. CAPALI1, M. SEKERCI1, H. OZDOGAN2, A. KAPLAN1 

1Süleyman Demirel University, Department of Physics, Isparta, Turkey 
2Akdeniz University, Department of Biophysics, Antalya, Turkey 

Abstract 

In most applications in the fields of medical, space and military investigation of the primary and secondary particles 
interaction with the environment is crucial. This interaction should be blocked due to the hazardous effects of these 
particles. To be able to obtain this isoloation, many different types of application have been developed such as lead 
shielding, high density concrete wall, scattering wall and shielding blankets. One more type of current and rising method 
is the usage of chemically developed polymers. In this interdisciplinary study; stopping power and distance simulations 
of electrons, protons and alpha particles, up to 250 MeV, have been performed with Geant4 Monte Carlo package program 
for some polymers such as polyacrylonitrile, polyvinylacetate, polyvinylalcohol, polyvinylbutyral, polyvinylpyrrolidone, 
polypropylene and polystyrene. Also, mean free path calculations have been carried out for neutrons in the energy range 
of 0.1-100 keV and gamma ray deposition rates of these polymers have been investigated by Geant 4. All computations 
and results have been given in detailed figures and tables.  

Introduction  

Polymers, both natural and synthetic, are created via polymerization of many small molecules, known as monomers. Their 
consequently large molecular mass relative to small molecule compounds produces unique physical properties, including 
toughness, viscoelasticity, and a tendency to form glasses and semi-crystalline structures rather than crystals. Polymers 
may be used in various fields such as sensors [1], battery which may charge [2], photochemical cells, electrochromic 
devices [3] and ion selective electrodes [4] because of various electrochemical properties. Ease of synthesis, 
environmental stability, and tunable electrical, optical and magnetic properties through doping processes are among the 
most important characteristics of these materials. 

In this study, we investigated polyacrylonitrile (PAN), polyvinylacetate (PVAc), polyvinylalcohol (PVOH), 
polyvinylbutyral (PVB), polyvinylpyrrolidone (PVP), polypropylene (PP) and polystyrene (PS) which have been used as 
radiation shielding materials.  

PAN, is a synthetic, semicrystalline organic polymer resin, with the linear formula (C3H3N)n. PAN has properties 
involving low density, thermal stability, high strength and modulus of elasticity. PAN absorbs many metal ions and aids 
the application of absorption materials. Polymers containing amidoxime groups can be used for the treatment of metals 
because of the polymers’ complex-forming capabilities with metal ions [5]. PVAc is an aliphatic rubbery synthetic 
polymer with the formula (C4H6O2)n. As an emulsion in water, PVAc emulsions are used as adhesives for porous 
materials, particularly for wood, paper, and cloth, and as a consolidant for porous building stone, in particular sandstone 
[6]. PVOH is a water-soluble synthetic polymer. It has the idealized formula [CH2CH(OH)]n. It is used in papermaking, 
textiles, and a variety of coatings. It is colourless and odorless. It is sometimes supplied as beads or as solutions in water 
[7]. PVB is chemical formula (C8H14O2)n. It is a resin mostly used for applications that require strong binding, optical 
clarity, adhesion to many surfaces, toughness and flexibility [7]. PVB resins are also utilized in a range of applications 
including technical ceramic (temporary) binders, inks, dye transfer ribbon inks, paints & coatings (including wash 
primers), binders for reflective sheet and binders for magnetic media. PVP is a water-soluble polymer made from the 
monomer N-vinylpyrrolidone and its chemical formula (C6H9NO)n. The major applications of PVP is used medical, 
technical and in steel-quenching solutions [8,9]. PP is a thermoplastic polymer and its chemical formula (C3H6)n. It was 
used in a wide variety of applications including packaging and labeling, textiles (e.g., ropes, thermal underwear and 
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carpets), stationery, plastic parts and reusable containers of various types, laboratory equipment, loudspeakers, 
automotive components, and polymer banknotes. This material is often chosen for its resistance to corrosion and chemical 
leaching, its resilience against most forms of physical damage, including impact and freezing, its environmental benefits, 
and its ability to be joined by heat fusion rather than gluing [10-12]. PS is a synthetic aromatic polymer made from the 
monomer styrene and its chemical formula (C8H8)n. Polystyrene can be solid or foamed. General properties of polystyrene 
is clear, hard, and rather brittle. It is an inexpensive resin per unit weight. It is a rather poor barrier to oxygen and water 
vapor and has a relatively low melting point to other polymers exist in this study [13].  

These materials are suitable for radiation shielding due to their higher hydrogen and oxygen content. Researchers have 
been looking for these materials, chemical, physical, mechanical and optical properties to be able to obtain high effective, 
lost cost and ease synthesizable samples. On behalf of these reasons and contribute to the literature, neutron and gamma 
absorption rates, proton-electron-alpha penetration distance rates have been studied.  

Methods  

GEANT4 is a free simulation and calculation code that can be used to investigation of high-energy physics, medical 
physics, space and radiation physics. GEANT4 is an abundant set of physics models to handle the interactions of particles 
with matter across a large energy range. Data and expertise have been drawn from many sources around the world and in 
this respect, GEANT4 acts as a repository that incorporates a large part of all that is known about particle interactions 
[14]. 

Energy lost by α-particle in a single collision is very small. However the energy gained by the orbiting electron is often 
more than the binding energy of the atom and is therefore removed from the atom. The interacting atom is said to be 
ionized due to this α-particle electron collision. The physical quantity that describes the slowing down of charged particles 
in mater is the stopping power dE/dx where dE is the energy lost in the distance dx. The Bohr relation for stopping power 
of heavy particle is given by 
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w«¬wp

®¯w
𝑙𝑛 :®¯w
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    (1) 

n = number of electrons per unit volume in the stopping material, m = electron rest mass, v = velocity of the particle, Z= charge of the particle, e = 
electron charge, ko = 1/4πεₒ, I = mean excitation energy of the medium. 

This was modified by taking into account the quantum effects by Bethe, and the relativistic effects by Bloch, and finally 
the well-known Bethe–Bloch expression for the stopping power was given as: 
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The stopping power given in the above equation takes into account only collisions with electrons. Events with nuclei are 
not considered in this formula. There is one important drawback of this formula. It was derived using the perturbation 
theory and the first Born approximation.  

Results 

The penetrating distance and stopping power calculations of alpha, electron and proton particles for polymer materials 
have been given in Figs. 1-6. The calculated stopping power results of alpha, proton and electron projectile particles in 
polymers target for incident energies of 0–250 MeV have been exhibited in Figs. 1-3. As it can be seen from Figs 1 and 
2, the shape of the stopping power results of studied polymers have exactly the same harmony. On the other hand, the 
same energetic particles in each two cases, have different stopping power rates. This is caused due to the nature of protons 
and alphas. While protons are more heavy and energetic, alpha particles are more easily stoppable. 
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Fig. 1. The stopping power calculations of proton particles in the 
incident energy range of 0-250 MeV for polymers. 

Fig. 2. The stopping power calculations of alpha particles in the 
incident energy range of 0-250 MeV for polymers. 
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Fig. 3. The stopping power calculations of electron particles in the 
incident energy range of 0-250 MeV for polymers. 

Fig. 4. The penetrating distance calculations of proton particles in 
the incident energy range of 0-250 MeV for polymers. 

On contrast to the alpha and proton stopping power rates of the sample polymers, the electron stopping power rates differ 
from each other. In the case for electron stopping, PVOH has the best rate. 

The penetrating distance calculations of alpha, electron and proton particles for polymers shielding material have been 
given in Figs. 4-6. For both three particles given in three graphs, PVOH is the best material. In each particle case, it has 
the least distance that the particle penetrates.  
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Fig. 5. The penetrating distance calculations of alpha particles in the 
incident energy range of 0-250 MeV for polymers. 

Fig. 6. The penetrating distance calculations of electron particles in 
the incident energy range of 0-250 MeV for polymers. 

On the third part of this study, neutron and gamma absorptions of the sample polymers have been investigated with 
Geant4. The obtained results are given in the Figs. 7 and 8. In each figure, results for each polymer is given with an 
alphabetic order. According to simulations and computation results; for neutron absorption polypropylene (PP) has the 
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best rate however for gamma absorption polyvinylacetate (PVAc) has the best rate.  

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

 
(g) 

Fig. 7.  
(a)Polypropylene,  
(b) Polystyrene,  
(c)Polyvinylalcohol,  
(d) Polyvinylbutyral,  
(e) Polyvinylpyrrolidone,  
(f) Polyacrylonitrile,  
(g) Polyvinylacetate 
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Fig. 8.  
(a)Polypropylene,  
(b) Polystyrene,  
(c)Polyvinylalcohol,  
(d) Polyvinylbutyral,  
(e) Polyvinylpyrrolidone,  
(f) Polyacrylonitrile,  
(g) Polyvinylacetate  
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Abstract 

In this study, (n,f) reaction cross–sections for 238-242Pu nuclei have been obtained as a function of incident neutron energy 
from 0.02 eV to 199 MeV by using the TALYS 1.6 and EMPIRE 3.1 computer codes. The neutron–induced fission cross–
sections, based on the theoretical pre–equilibrium nuclear reaction models, have been calculated theoretically by means 
of the TALYS 1.6–two component exciton, TALYS 1.6–theoretical fission barriers–Sierk, EMPIRE 3.1–exciton and 
EMPIRE 3.1–fission Sierk models. The calculated neutron–induced fission cross–section results have been compared 
with the each other and the available experimental data existing in the EXFOR database. Generally, the theoretical fission 
cross–section calculations show reasonable agreement with the experimental results for the low energy regions up to 10 
MeV. Except the EMPIRE 3.1–fission Sierk model calculations, all model cross–section calculations are in agreement 
with the experimental data for the high energy regions. 

Introduction  

In the developing world, one of the most important request is to energy. To be able to provide clean, cheap and sustainable 
energy nuclear reactors are so important. Most of the currently operating nuclear reactors work with the fission principle 
and accept uranium as a fuel. The fissionable isotopes used in nuclear reactors include 233U, 235U, 239Pu, and 241Pu. The 
isotope 239Pu is present in minute quantities (1 part in 100 billion) in uranium ores. It is produced by neutron irradiation 
of 238U by decay processes. Short periods of irradiation produce mostly 239Pu, and longer irradiations result in 
progressively more of the higher isotopes of plutonium, up to 246Pu. The odd–number isotopes of Pu are fissionable, 
whereas the even–number isotopes have high neutron–absorption cross–sections [1]. After fission reaction, uranium 
which used as fuel turns into waste uranium and waste plutonium in the percentages of 95.5 % and 0.9 %, respectively. 
The rest waste is consisting of fissile isotopes. The 65-70 % of the originated 0.9 % waste plutonium is fissile and could 
be usable as fuel after transmutation especially for Light Water Reactors (LWR). The neutron–induced fission cross–
sections of several Pu isotopes and other minor actinides such as Np, Am and Cm are very important for the design of 
improved nuclear reactor systems involving Accelerator Driven Systems (ADS) and nuclear waste transmutation [2]. 

The isotopes of 238-242Pu are transmutable with thermal and fast neutrons. The possibility of this transmution is determined 
by neutron incident reaction cross–section calculations. In this study, (n,f) reaction cross–sections for 238-242Pu have been 
computed with TALYS 1.6 and EMPIRE 3.1 computer codes. The energy rate of incident neutrons is selected between 
0.02 eV to 199 MeV. For each isotope, low and high energy region computations have been performed via different 
theoretical fision reaction models. 

Methods  

The neutron–induced fission cross–sections for 238-242Pu nuclei have been calculated using the TALYS 1.6 code for the 
two–component exciton and theoretical fission barriers Sierk models, the EMPIRE 3.1 code for the exciton model and 
fission Sierk models. 

The TALYS is a nuclear reaction calculation code for the analysis and estimation of nuclear reactions in the energy range 
of 1 keV – 1 GeV [3]. The default cross–section calculations were considered by the two–component exciton model [4]. 
This model is based on the Kalbach’s theory [5]. The proton and neutron type of the produced particles and holes is 
clearly followed during the reaction in the two–component exciton model.  
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EMPIRE nuclear reaction calculation and analysis code system has been developed to perform nuclear reaction 
calculations based on nuclear reaction models over a large range of energies from resonance region keV to several 
hundreds of MeV and different incident particles [6,7]. The Empire 3.1 contains the mechanism of pre–equilibrium as 
explained in the exciton model [8], as dependent upon the master equation solution [9] in the form recommended by [10] 
and [11]. 

−𝑞�²i 𝑛 = 𝜆z 𝐸, 𝑛 + 2 𝜏 𝑛 + 2 + 𝜆3 𝐸, 𝑛 − 2 𝜏 𝑛 − 2 − 𝜆z 𝐸, 𝑛 + 𝜆z 𝐸, 𝑛 + 𝐿 𝐸, 𝑛 𝜏(𝑛) (1) 

where qt(n) is the initial occupation probability of the composite nucleus in the state with the exciton number n, λ+(E,n) 
and λ-(E,n) are the transition rates for decay to neighboring states, and L(E,n) is the total emission rate integrated over 
emission energy for particles (neutrons υ, protons π and clusters) and γ–rays. The pre–equilibrium spectra can be 
calculated as 

𝑑𝜎Z,[
𝑑𝜀[

𝜀[ = 𝜎Z,[\ 𝐸]^_ 𝐷Z,[ 𝐸]^_ × 𝑊[(𝐸, 𝑛, 𝜀[)𝜏(𝑛)
^

 
(2) 

where 𝜎Z,[\ 𝐸]^_  is the cross–section of the reaction (a, b), 𝑊[(𝐸, 𝑛, 𝜀[) is the probability of emission of a particle of type 

b (or γ–ray) with energy 𝜀[ from a state with n excitons and excitation energy E of the compound nucleus, and 𝐷Z,[ 𝐸]^_  
is the depletion factor, which takes into account the flux loss as a result of the direct reaction processes. 

In the Sierk fission barrier model, fission barrier heights are estimated in MeV with A.J. Sierk’s method using the rotating 
finite range model. It is dependent upon calculations using exact Couloumb diffuseness corrections, diffuse-matter 
moments of inertia, and yukawa-plus-exponential double folded nuclear energy [12]. 

Additional details on the model parameters and options of TALYS 1.6 and EMPIRE 3.1 codes can be found in [3,7]. 

Results  

In the present study, (n,f) reaction cross–sections for 238-242Pu target nuclei have been calculated in the incident neutron 
energy range of 0.02 eV – 199 MeV by using the TALYS 1.6 and EMPIRE 3.1 computer codes. The comparison of the 
calculated and experimental neutron–induced fission cross–sections have been shown in Figs. 1–10. All the experimental 
values used in this study have been taken from the EXFOR database.  

238Pu(n,f) reaction cross–section calculations in the low neutron incident energy region up to 1.4 MeV have been compared 
with the experimental data in Fig. 1. The TALYS 1.6–two component exciton model calculations are in better agreement 
than the other model calculations in the neutron energy range of 0–0.1 MeV for the experiment results of [13]. TALYS 
1.6–theoretical fission barriers–Sierk and EMPIRE 3.1 model calculations are in agreement with the experimental data 
of [14] in the neutron energy region of 0.5–1.4 MeV. Also, EMPIRE 3.1–exciton model results are the best agreement 
with the experimental values of [14] in the energy range of 0.05–1.4 MeV. The comparison of theoretical and 
experimental data for 238Pu(n,f) reaction in the high neutron incident energy region up to 118 MeV has been given in Fig. 
2. Except the EMPIRE 3.1–fission Sierk model calculations, all model neutron–induced fission cross–section calculations 
are in harmony with the experimental data of [15] in the energy range of 15–118 MeV. The TALYS 1.6–two component 
exciton model calculation curves fit the experimental data of [16] the best.  

The calculated fission cross–sections of 239Pu(n,f) reaction in the low neutron incident energy up to 0.10 MeV against the 
EXFOR data have been given in Fig. 3. All model neutron–induced fission cross–section calculations are in agreement 
with the experimental results of [17] up to 0.005 MeV incident neutron energy. The TALYS 1.6–theoretical fission 
barriers–Sierk model calculations are in good agreement with both of the experimental data of [17,18]. EMPIRE 3.1 code 
calculations show a similar structure with the experimental values but they are higher than the experimental values in the 
neutron energy range of 0.005–0.10 MeV. Except the EMPIRE 3.1–fission Sierk model calculations in Fig. 4, in general 
all model neutron–induced fission cross–section calculations give similar results and are in agreement with the 
experimental data for 239Pu(n,f) reaction in the high neutron incident energy up to 198 MeV.  
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Fig. 1. The comparison of calculated fission cross–sections of 
238Pu(n,f) reaction with the experimental values taken from the 
EXFOR [19] for the low neutron–induced energies. 

Fig. 2. The comparison of calculated fission cross–sections of 
238Pu(n,f) reaction with the experimental values taken from the 
EXFOR [19] for the high neutron–induced energies. 
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Fig. 3. The comparison of calculated fission cross–sections of 
239Pu(n,f) reaction with the experimental values taken from the 
EXFOR [19] for the low neutron–induced energies 

Fig. 4. The comparison of calculated fission cross–sections of 
239Pu(n,f) reaction with the experimental values taken from the 
EXFOR [19] for the high neutron–induced energies. 
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Fig. 5. The comparison of calculated fission cross–sections of 
240Pu(n,f) reaction with the experimental values taken from the 
EXFOR [19] for the low neutron–induced energies. 

Fig. 6. The comparison of calculated fission cross–sections of 
240Pu(n,f) reaction with the experimental values taken from the 
EXFOR [19] for the high neutron–induced energies. 

Fig. 5 illustrates a comparison between our calculated neutron–induced fission cross–sections and the available 
experimental data for 240Pu(n,f) reaction in the low neutron incident energy up to 0.16 MeV. The EMPIRE 3.1–fission 
Sierk model and TALYS 1.6–theoretical fission barriers–Sierk model calculations show a similar structure with each 
other and the experimental values but they are higher than the experimental results up to 0.16 MeV. Exciton model 
calculations of TALYS 1.6 and EMPIRE 3.1 codes are in agreement with the experimental measurements along the 
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neutron incident energy. A comparison between our calculated neutron–induced fission cross–sections and the previously 
reported experimental results for 240Pu(n,f) reaction in the high neutron incident energy up to 197 MeV has been presented 
in Fig. 6. Except the EMPIRE 3.1–fission Sierk model calculations, in general all model fission cross–section calculations 
give similar results and are in agreement with the experimental data. The TALYS 1.6–two component exciton model 
calculation curves fit the experimental data of [20] the best in the neutron range of 35–85 MeV.  

The calculated and measured excitation functions for the reaction 241Pu(n,f) in the low neutron incident energy up to 1 
MeV have been presented in Fig. 7. Generally, all theoretical code calculations are not in agreement with the experimental 
data of [21]. The TALYS 1.6–two component exciton model results are in good consistency with experimental data of 
[22] within the experimental error in the neutron energy range of 0.03–0.44 MeV, but there exists a small drop in the 
calculated fission cross–sections in the higher values of the energy range. The other code calculations show a similar 
structure with each other and the measured data in the neutron energy range of 0.5–0.97 MeV but they are higher than 
the measured results. The neutron fission cross–section calculations of 241Pu(n,f) reaction and comparison with the 
experimental results in the high neutron incident energy up to 198 MeV have been given in Fig. 8. Except the EMPIRE 
3.1–fission Sierk model calculations, in general all model fission cross–section calculations are in harmony with the 
measured data.  
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Fig. 7. The comparison of calculated fission cross–sections of 
241Pu(n,f) reaction with the experimental values taken from the 
EXFOR [19] for the low neutron–induced energies. 

Fig. 8. The comparison of calculated fission cross–sections of 
241Pu(n,f) reaction with the experimental values taken from the 
EXFOR [19] for the high neutron–induced energies. 
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Fig. 9. The comparison of calculated fission cross–sections of 
242Pu(n,f) reaction with the experimental values taken from the 
EXFOR [19] for the low neutron–induced energies. 

Fig. 10. The comparison of calculated fission cross–sections of 
242Pu(n,f) reaction with the experimental values taken from the 
EXFOR [19] for the high neutron–induced energies. 

The (n,f) cross–section calculations for 242Pu(n,f) reaction in the low neutron incident energy up to 2.97 MeV have been 
compared with the experimental measurements in Fig. 9. The EMPIRE 3.1–exciton model results are the best agreement 
with the experimental data up to 1.25 MeV neutron incident energy. The TALYS 1.6–two component exciton model 
calculations show a similar structure with the measured data but they are lower than the experimental values in the neutron 
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energy range of 0.25–2.97 MeV. The EMPIRE 3.1–fission Sierk and TALYS 1.6–theoretical fission barriers–Sierk model 
results are in harmony with the measurements in the energy range of 1–2.97 MeV but they are higher than the measured 
data. The comparison of calculated fission cross–sections of 242Pu(n,f) reaction with the experimental results for the high 
neutron–induced energy up to 199 MeV has been presented in Fig. 10. Except the EMPIRE 3.1–fission Sierk model 
calculations, in general all model fission cross–section results are in harmony with the measured data in the neutron 
energy range of 15–199 MeV.  

The (n,f) reaction cross–sections as a function of neutron energy have been calculated using TALYS 1.6 and EMPIRE 
3.1 computer codes for 236,238,239,240,241,242,244Pu target nuclei in the incident neutron energy range of 0.02 eV–199 MeV. 
Although there are some discrepancies between the calculated and measured results, in generally, neutron–induced fission 
cross–section calculations show reasonable consistency with the experimental data for the low energy regions up to 10 
MeV. Except the EMPIRE 3.1 fission Sierk model calculations, all model cross–section calculations are in agreement 
with the experimental data for the high energy regions. The agreement between the calculated and experimentally 
measured values shows that EMPIRE 3.1 and TALYS 1.6 models are able to reproduce the cross–sections with reasonable 
accuracy in this case even without any tuning of the parameters. The neutron–induced fission cross–sections of several 
Pu isotopes obtained in this study can be practically used for the prediction of the (n,f) reaction cross–sections in nuclear 
physics and nuclear reactor technology. 
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Abstract 

Photonuclear processes can play an important role in the detection of nuclear materials. However, at intermediate 
energies, the (γ,N) reaction (N=p,n) provides a very significant message about nuclear structure. For this purpose, in this 
study, the (γ,n) and (γ,p) cross sections were calculated and compared as a function of photon energy in A≥115 nuclei. 
Calculations have been made of the cross sections for some of the (γ,n) and (γ,p) reactions in some nuclei using the 
TALYS 1.6 nuclear code with incident photons of 7-100 MeV.  

Introduction 

The nuclear structure over its hundreds years, has still been an open question and nuclear reactions which has been 
complicated by the appearance of many nuclear models, are important methods to investigate [1,2]. Using of high energy 
gamma-quanta as projectiles in nuclear reactions has some essential advantages for studying nuclear structure and nuclear 
reactions mechanisms.   

Nuclear reactions usually involve light particles (p,n,α,γ) colliding with a nucleus. Nuclear reactions, however, are usually 
induced by bombarding a sample with energetic subatomic particles or high-energy photons [3]. Photonuclear processes 
can play a important role in the detection of nuclear materials. However, at intermediate energies, the (γ,N) (N=p,n) 
reaction provides a very significant message about nuclear structure [4]. As a rule, characteristics of photonuclear 
reactions are well studied in the energy region of Giant Dipole Resonance (GDR) [5]. A photonuclear reaction is 
characterised by a photon incident on a target, with one or more products of the reaction being emitted (p,n,d,t,h, etc.) 
and detected [6,7]. Photonuclear data, describing interactions of photons with atomic nuclei, are of importance for a 
variety of applications. These applications span from radiation shielding and radiotherapy to inspection technologies and 
possibly nuclear transmutation [7,8].  

The photon interaction principle with the nucleus is low and is clearer in high energy. Although the photon that have 
intermediate level energy interaction with the nucleus is not yet understood more clearly. For this, wide-frame (γ, N 
(N=n,p,α,d, ….)) reaction studies are performed. Therefore calculations of photonuclear cross sections especially (γ,n) 
and (γ,p) of some elements are very important. 

In this study, for (γ,n) and (γ,p) reactions of 118Sn, 127I, 141Pr, 181Ta, 197Au, 207Pb, cross sections were calculated using 
model for pre-equilibrium effects. Taking incident gamma energy values range of 7-100 MeV. Calculation results were 
compared with experimental data that there was in EXFOR [9].   

Methods 

The cross section (s) of a nuclear interaction is a measurement of the probability of that interaction occuring and which 
is highly dependent on the energy of the incident particle. In this study, the theoretical photoneutron and photoproton 
cross sections of 118Sn, 127I, 141Pr, 181Ta, 197Au, 207Pb  in photon-induced reactions have been calculated using TALYS 1.6 
[10] nuclear reaction simulation code. If the gamma-ray energy be varied by changing the energy of the captured particle, 
the photonuclear cross section can be determined as a function of photon energy [11]. 

TALYS is a nuclear reaction simulation computer code system for the analysis and prediction of nuclear reactions. The 
basic objective behind its construction is the simulation of nuclear reactions that involve neutrons, photons, protons, 
deuterons, tritons, 3He-and alpha particles. TALYS integrates the optical model, direct, preequilibrium, fission and 
statistical nuclear reaction models in one calculation scheme and gives a prediction for all the open reaction channels. 
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The preequilibrium reactions were considered by the two component exciton model. In TALYS, preequilibrium model is 
the two component exciton model of Kalbach.  

Pre-equilibrium nuclear reaction models have been used in calculations. Theoretical cross section calculations based on 
theoretical nuclear reaction models. For this purpose, TALYS 1.6 two component exciton and TALYS 1.6 preequilibrium 
models have been used to calculate photonuclear cross sections.  

Results 

In the present study, photoneutron and photoproton reaction cross sections of 118Sn(γ,n), (γ,p) 127I(γ,n), (γ,p), 141Pr(γ,n), 
(γ,p), 181Ta(γ,n), (γ,p), 197Au(γ,n), (γ,p), 207Pb(γ,n), (γ,p) reactions have been calculated for the energy range of 7 to 100 
MeV incident energy using preequilibrium models of TALYS 1.6 nuclear reaction simulation code. The photoneutron 
and photoproton reaction cross sections exhibited by (γ,n) and (γ,p) reactions for 118Sn, 127I, 141Pr, 181Ta, 197Au, 207Pb target 
nuclei have been plotted as a function of different incident energy in Figs. 1-12. 

  

Fig. 1. Comparison of cross section calculations of 118Sn(γ,n) 

reaction between experimental data [9] 
Fig. 2. Cross section calculations of 118Sn(γ,p) reaction  

  

Fig. 3. Comparison of cross section calculations of 127I(γ,n) reaction 
between experimental data [9]  

Fig. 4. Cross section calculations of 127I(γ,p) reaction  

In Figs. 1, 3, 5, 7, 9, 11 the results of (γ,n) reaction calculations are in good agreement with experimental data. Especially, 
at higher energies (γ,n) reaction cross section calculations are coherent with experimental data.  

It is known that, the (γ,n) and (γ,p) cross sections are of similar magnitude in light nuclei [11]. Although, the (γ,n) and 
(γ,p) cross sections aren’t of similar magnitude in heavy nuclei. We can see it in this study. In general, photoproton cross 
sections for 118Sn, 127I, 141Pr, 181Ta, 197Au, 207Pb target nuclei, because of the Coulomb barrier, are small than photoneutron 
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cross sections. It can be seen the Figs. 1-12. It can be interpreted that this diversity has been related to the isospin splitting 
of the GDR. 

  

Fig. 5. Comparison of cross section calculations of 141Pr(γ,n) 

reaction between experimental data [9]  
Fig. 6. Cross section calculations of 141Pr(γ,p) reaction 

  

Fig. 7. Comparison of cross section calculations of 181Ta(γ,n) 

reaction between experimental data [9]  
Fig. 8. Cross section calculations of 181Ta(γ,p) reaction 

  

Fig. 9. Comparison of cross section calculations of 197Au(γ,n) 

reaction between experimental data [9]  
Fig. 10. Cross section calculations of 197Au(γ,p) reaction 
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Figure 11. Comparison of cross section calculations of 207Pb(γ,n) 

reaction between experimental data [9]  
Figure 12. Cross section calculations of 207Pb(γ,p) reaction  
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Abstract 

In recently, usage of polymers has been growing gradually. Some of the areas employee polymers are military, industrial, 
scientific and medical. In this interdisciplinary study, some polymers have been investigated that are especially used in 
medical fields. The increase in the rate of cancer all over the world have been rising rapidly. Due to that, technologies 
using for diagnostic and treatment are developing too. During these diagnostic and treatment applications interaction of 
secondary particles with diseased and healthy tissues are so crucial for both the patient and others being there. To be able 
to provide a protection for both patients’ healthy tissues and others, it is so important to have a good isolation from these 
particles. This blockage has been provided with so many different ways. However, special requests like less cost, less 
weight, ease of application and production also overall benefits pushes scientists to develop polymers. Due to all these 
mentioned, in this study, stopping power and penetration distance simulations of electrons, protons and alpha particles up 
to 250 MeV have been performed with Geant4 Monte Carlo program for some polymers such as teflon, mylar and 
plexiglass.  

Introduction  

In the growing fields of scientific research and industry; polymers which may be created from polymerization of small 
molecules called as monomers or found naturally are employed in the large scales. One of their unique application area 
is the use for the medical purposes. The enormous increase rate of the cancer in the world, pushes scientists to develop 
more accurate and more sensitive devices for diagnosing and treatment. In all diagnosing and treatment applications there 
exist one crucial point which is the interaction of secondary particles with diseased and healthy tissues. The rate of that 
interaction is important for both the patient and other living beings around them. For the most efficient diagnosis and 
treatment, there should exists a well-organized and utmost isolation between the healthy tissues and others.  

For the purposes indicated above, in this study we investigated the stopping power and penetrating distance calculations 
of electron, proton and alpha particles in the incident energy range of 0-250 MeV for some polymers which are suitable 
to the used as radiation shielding materials. 

Polytetrafluoroethylene (PTFE), which is chemical formula (C2F4)n, is a synthetic fluoropolymer of tetrafluoroethylene 
that has numerous applications. The best known brand name of PTFE-based formulas is Teflon by Chemours. PTFE 
properties include high molecular weight, hydrophobility, low coefficient of friction, thermoplasticity, good dielectric 
properties, high electronegativity, and low chemical reactivity. PTFE is used as a non-stick coating for pans and other 
cookware. It is very non-reactive, partly because of the strength of carbon–fluorine bonds, and so it is often used in 
containers and pipework for reactive and corrosive chemicals [1]. 

Polyethylene terephthalate, which is chemical formula (C10H8O4)n, commonly abbreviated PET, PETE, or the obsolete 
PETP or PET-P, is the most common thermoplastic polymer resin of the polyester family and is used in fibers for clothing, 
containers for liquids and foods, thermoforming for manufacturing, and in combination with glass fiber for engineering 
resins. PET is a highly valued packaging material because it is strong yet lightweight, non-reactive, economical, and 
shatterproof. PET's safety for food, beverage, personal care, pharmaceutical and medical applications is recognized by 
health authorities around the world [2].  

Poly(methyl methacrylate) (PMMA), also known as acrylic or acrylic glass as well as by the trade names Plexiglas, which 
has the chemical formula as (C5O2H8)n. PMMA stands out from other plastics due to its high light transmission, it’s 
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extremely long service life, its specific properties such as high resistance to UV light and weathering and unlimited 
coloring options. Another major benefit is that PMMA is 100% recyclable. Added to this, PMMA shows the greatest 
surface hardness of all thermoplastics. Its strength characteristics exhibit fairly small variations under the effect of UV- 
radiation, as well as in the presence of ozone [3].  

For the medical purposes, these materials are suitable to use as radiation shielding materials due to their high hydrogen 
and oxygen content. Also their chemical, physical, mechanical and optical properties in addition to their cost and synthesis 
ease are key to the development in the areas they used. Due to that mentions, the selected materials are investigated in 
this present study.  

Methods  

Geant4 is an open source program which is created and distributed by the Geant4 collaboration. There exist many models 
available in Geant4 inside itself for different type of simulations and computations for various physical events and it used 
in the high-energy physics, medical physics, space and radiation physics areas mostly [4]. 

 

Fig. 1. The visual sample of Geant4 application [5]. 

GEANT4 is totally free and developing continuously. The reason of its popularity depends on its application areas which 
are medical, space, military, high-energy physics. In Fig. 1, one of the visual sample performed with GEANT4 can be 
seen. In here that curved green line coming from left is the incoming gamma ray and it interacts with the material located 
into the center. After the interactions, the scattered particles and jets are observed and that yellow lines indicates electrons 
and green lines indicates new generated gammas [5]. 

Results 

The obtained calculations for stopping power and penetration distance of the selected polymer samples Teflon, Mylar and 
Plexiglas are given in Figs. 2-7. In all figures the projectile particles electron, proton and alpha are indicated with blue, 
red and green lines respectively.  

  

Fig. 2. The stopping power calculations of electron, proton and 
alpha particles in the incident energy range of 0-250 MeV for 
Teflon polymer. 

Fig. 3. The stopping power calculations of electron, proton and 
alpha particles in the incident energy range of 0-250 MeV for 
Mylar polymer. 

In Figs. 2-4, for the projectile particles electron, proton and alpha with 0–250 MeV incident energies, the stopping power 
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calculations are given for polymer samples. 

  

Fig. 4. The stopping power calculations of electron, proton and 
alpha particles in the incident energy range of 0-250 MeV for 
Plexiglas polymer. 

Fig. 5. The penetrating distance calculations of electron, proton and 
alpha particles in the incident energy range of 0-250 MeV for Teflon 
polymer. 

The penetrating distance calculations of alpha, electron and proton particles for polymers shielding material have been 
given in Figs. 5-7.  

  

Fig. 6. The penetrating distance calculations of electron, proton 
and alpha particles in the incident energy range of 0-250 MeV for 
Mylar polymer. 

Fig. 7. The penetrating distance calculations of electron, proton 
and alpha particles in the incident energy range of 0-250 MeV for 
Plexiglas polymer. 

The order of stopping electron, proton and alpha particles among studied materials; Teflon, Mylar and Plexiglas ranking 
was occurred. Similar to this, in terms of stopping power of electron, proton and alphas in the energy range of 0-250 
MeV, Teflon is the most successful one among selected polymers.  

As a result, and future of this study, selected polymers are going to be doped with metal compounds to form composite 
materials which are planned to be used in the industrial areas and radiation shielding simulations of these composite 
materials will also be performed. 
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Abstract 

Thorium reserves in the world are estimated to be three times than Uranium. Thorium reported in the literature is 
previously held as fuel in the future. Thorium, a potential to be used in future energy production which is the increasing 
need for energy every day of the importance of the country. In this work, the (n,p) and (n,2n) nuclear reaction cross 
sections for Thorium target nucleus at 14-15 MeV incident energyhave been studied using semi empirical formulae 
developed by [1] and [2]. Reaction cross section formula have been done in the original as the target type for the Thorium 
nucleus with SKa, Skyrme interaction types. The obtained results were compared with experimental data in the literature 
(EXFOR). 

Introduction 

Selection of Thorium (232Th) elementis very important for cross section calculations because Thorium target is much 
more available than uranium in the nature and Turkey is in the top ranks of thorium reserves in which study in this area 
is also important for our country. There are many empirical cross section formulas to calculate different nuclear reactions 
in the literature. In this study, we investigated the (n,2n) and (n,p) nuclear reactions cross sections between 14-15 MeV 
energy range. For cross section of these reactions, asymmetry parameter was defined as S = (N-Z)/A. The density 
dependence asymmetry parameter for the target 232Th are used in these formulas. We used the proton and neutron density 
for calculations of asymmetry parameter on target nucleus. For the obtained results, SKa parameter is used as S asymmetry 
parameter calculations. It is applied available in the literature Tel et al. formula and also applied Bychkov et al. formula 
[2]. The new density dependence asymmetry parameter for the target 232Th and values for the obtained results are 
discussed and revised to current formulas. 

Calculations 

Tel at al. formula and Bychkov formula for (n, 2n) and (n,p) nuclear reactions are given on the Table 1 and 2.  

Table 1.14-15 Mev (n,p) nuclear reactions cross sections formulas 

Authors Mass region Formula, σ (mb) X2 Ref. 
Tel at all I 17≤A≤239 14.56(A1/3+1)2exp(-26.58s) 0.807 1 
Tel at all II even-Zandeven-N 16.33(A1/3+1)2exp(-26.17s) 0.863 1 

Table 2.14-15 Mev (n,2n) nuclear reactions cross sections formulas 

Authors Mass region Formula, σ (mb) X2 Ref. 
Bychkov 45 ≤ 𝐴 ≤ 238 𝜎^,:^ =

1000 + +7.5𝐴 7.8𝑠 − 0.234 𝑖𝑓	0.13 > 𝑠
1000 + 7.5𝐴 0.65 + 𝑠 𝑖𝑓	0.13 ≤ 𝑠  0.145 2 

Tel at. all-1  14 ≤ 𝐴 ≤ 241 ln	(𝜎º,:º) = 7.43 1 − 1.71exp	(−24.99s)  0.959 2 
Tel at. all-2 Even-A  ln	(𝜎º,:º) =7.15 1 − 2.45exp	(−31.62s)	  0.921 2 

 

In this study, (n, p) and (n, 2n) nuclear reactions were studied for target 232Th between 14-15 MeV incident energy. The 
experimental data for (n,2n) reactions were obtained from EXFOR data base, However, experimental data for (n,p) 
reaction could not find in literature. In this study, the density of dependence asymmetry parameter have been used for the 
target 232Th nuclei. The Skyrme potential function is given in Table 3. We used Tel formula and Byckov formulas to 
calculate asymmetry parameters. The proton and neutron densities have been used for calculations. SKa parameter was 
used for asymmetry parameter calculations. SKa parameters obtained from calculations were given in Table 4. The 
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calculated results with SKa parameters and finally the experimental results were also given in Tables 5 and Table 6, 
respectively. Proton and neutron density values for SKa asymmetry parameters were shown in Table 5. Ska density values 
were given in Fig. 1. 

Table 3. 𝑽𝒔𝒌𝒚𝒓𝒎𝒆 formula [6,7] 

𝑉A«Æ\®p = 𝑡i 1 + 𝑥i𝑃È 𝛿 𝑟]⃗ − 𝑟Ë⃗ +
1
2
𝑡4 1 +	𝑥4𝑃È 𝛿 𝑟]⃗ − 𝑟Ë⃗ k:

⃗ + 	k�:
⃗
𝛿(𝑟]⃗ − 𝑟Ë⃗) + 	𝑡: 1 + 𝑥i𝑃È 𝑘�⃗. 𝛿 𝑟]⃗ − 𝑟Ë⃗ 𝑘⃗ +

+ 𝑖𝑡¦ 𝜎]⥟ + 𝜎Ë⥟ . 𝑘�⃗𝑥𝛿 𝑟]⃗ − 𝑟Ë⃗ 𝑘⥟ +
𝟏
𝟔
𝑡d	 1 + 𝑥d𝑃È 𝛿 𝑟]⃗ − 𝑟Ë⃗ 𝝆𝜶(	

𝑟]⃗ + 	𝑟Ë⃗

2
	) 

Table 4.SKa parameters [3] 
t0  t1 t2 t3 t4 x0  x1 x2 x3 a 
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Figure 1. 232Th density values with SKa parameter. 

Table 5. Calculations Results with SKa (in mb) 

R(fm) Proton (density) Neutron (density) (n,p) Tel et al.  (n,2n) Tel et al.  (n,2n) Bychkov 45 ≤ A ≤ 238  
0.0 0.066336 0.075459 742.45 132.274 1000.7 
0.6 0.063421 0.079274 741.88 764.233 1000.8 
1.2 0.057342 0.085123 740.87 1529.674 1000.9 
1.8 0.054328 0.086649 740.48 1617.629 1000.9 
2.4 0.055679 0.084371 740.79 1562.511 1000.9 
3.0 0.057562 0.083756 741.00 1489.675 1000.8 
3.6 0.057295 0.085896 740.80 1546.365 1000.9 
4.2 0.057073 0.086903 740.69 1569.204 1000.9 
4.8 0.059232 0.085197 741.02 1462.368 1000.9 
5.4 0.060616 0.08243 741.37 1272.641 1000.8 
6.0 0.055292 0.077067 741.37 1368.936 1000.8 
6.6 0.041585 0.064308 741.29 1588.302 1000.6 
7.2 0.024051 0.043593 741.56 1670.198 1000.4 
7.8 0.009951 0.022204 742.18 1684.241 1000.2 
8.4 0.002918 0.008522 742.75 1685.704 1000.1 
9.0 0.000689 0.002801 743.04 1685.802 1000.0 
9.6 0.000153 0.0009 743.16 1685.807 1000.0 
10.2 3.44E-05 0.000298 743.20 1685.808 1000.0 
10.8 8.01E-06 0.000103 743.21 1685.808 1000.0 
11.4 1.93E-06 3.6E-05 743.22 1685.808 1000.0 
12.0 4.72E-07 1.24E-05 743.22 1685.808 1000.0 

Table 6 . Experimental results for (n,2n) nuclear reactions 

Een, (Mev ) ±Een-rls,(Mev )  Cross Sect,(mb)  ±sig, (mb) Ref. 
14.0 0.1 1330 266 11 
14.31 0.04  1235  118 13 
14.5 0.1 1400  280 11 
14.79  0.095  1049  99  13 

 

The asymmetry parameter is defined as S = N-Z/A. It was changed and used the 

𝑆 = (𝜌^ − 𝜌a)/(𝜌^ + 𝜌a) 
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Where𝜌^and 𝜌a areneutron and proton densities, respectively. 

Results and Discussion 

In this work, (n, p) and (n, 2n) cross section reactions for Thorium target nucleus was studied using with [1] and [2] 
formulas. Since we could not obtain experimental data for (n,p) in the cross sections data in EXFOR data, we used only 
theoretically for (n,p) reactions calculated. We calculated nuclear reactions cross sections with SKa Skyrme force 
parameters and we found agreement with experimental data for (n,2n) cross sections. The (n,2n) experimental values 
were compared with the theoretically calculated values. For neutron incident energy at 14.5 MeV, the experimental data 
is 1400 ±280 mb and theoretically calculation is about 1462.368 mb (at r=4.8 fm) for Tel at al. formula. For the Byckov 
formula (1049 ± 99 mb) this value is lower than experimental results. Experimental data are in agreement with theoretical 
calculations from Tel et al.. The density depending on cross sections formulas are agreement with experimental research. 
Density depend asymmetry parameters forms is usefully for calculations of nuclear reaction cross sections.  
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Abstract 

In this study, double differential alpha, deuteron and proton emission cross sections, which is necessary in determination 
of heating and damages in structural fusion material research, of 92Mo target nucleous have been theoretically calculated 
by the TALYS 1.8 code at 14.8 MeV neutron incident energy and also compared with available experimental data in 
EXFOR library.  

Contribution of compound nucleus formation process contribution, pre-equilibrium contribution and the direct reaction 
contribution have been investigated for light charged particle induced reactions.  

Introduction 

Fusion reactors need proper structural materials to become an efficient source of energy, especially if the promise of a 
green machine is to be maintained. Reactor components, such as first wall, divertor, limiters and breeding blanket, are 
subjected not only to the high energy neutron impact, but also to strong mechanical, heat and electromagnetic loadings. 
These conditions compose a very severe operation framework for the structural materials and have led to a detailed 
research and development process for the candidate materials. The main idea in the candidate materials development is 
the development of low activation materials for the safety conditions [1]. 

In a fusion reactor neutrons carry most of the energy produced by the D–T fusion reaction. Those neutrons lose their 
energy by interacting with reactor devices such as the blanket through various nuclear reactions and the heat produced by 
these nuclear reactions is called ‘‘nuclear heating’’ and is estimated by a simulation calculation in a reactor design. One 
of the essential data for simulation calculation is the energy and angular distributions of charged particles emitted by a 
nuclear reaction. These distributions are called ‘‘double differential cross section (DDX) data’’. 

Charged particle emission nuclear reactions from fusion device materials are complex due to contributions from 
sequential decays and multi-body break-up [2]. It is also quite important for estimating various physical quantities, such 
as primary knock-on atom (PKA) spectra, gas production per atom (GPA) and displacement per atom (DPA) [3]. 
Furthermore, the study of DDX is important as a basic study because the contributions of the direct and the pre-
equilibrium processes as well as that of statistical compound nucleus process, in the emission of light charged particles 
can be estimated for a given neutron induced reaction [4]. The DDX of light charged particle emission reactions have 
been investigated both experimentally [2, 4 –10] and theoretically [11-16]. 

In this study, the theoretical DDX of alpha, proton and deuteron emission reactions for 92Mo target nucleous, fusion 
structural materials, at the incident neutron energy of 15 MeV have been calculated. The results have been also compared 
with the experimental data in literature. 

Calculation Methods 

TALYS 1.8 code have been used in DDX calculation according to the compound, pre-equilibrium and direct mechanisms 
[17]. The TALYS 1.8 code is able to analyze and predict nuclear reactions induced by up to 1 GeV light particles (A ≤ 4) 
for target nuclei heavier than lithium [18].  

The two-component exciton model developed by [19] was used for calculating the pre-equilibrium contribution while the 
compound nucleus was calculated by the Hauser–Feshbach model [20]. Direct reaction calculation is obtained via the 
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ECIS-97 [21] code which is implemented as a subroutine in TALYS. 

Calculations 

 

Fig. 1. The comparison of calculated ddx of (n,α) reaction on 92Mo with the experimental data reported in literature. Experimental values were 
taken from EXFOR [22]. 

 

Fig. 2. The comparison of calculated ddx of (n,d) reaction on 92Mo with the experimental data reported in literature. Experimental values were 
taken from EXFOR [22]. 
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Fig. 3. The comparison of calculated ddx of (n,p) reaction on 96Mo with the experimental data reported in literature. Experimental values were 
taken from EXFOR [22]. 

Results 

The DDX (d2σ /dΩ.dE) for proton, deuteron and alpha emission cross sections for 92Mo target nucleous at emission angles 
30, 45, 90 and 135 have been calculated by the TALYS 1.8 code at 14.8 MeV incident neutron energy. The calculated 
values of the emitted p, d and α particles at given angles have been compared with the available experimental data of 
Haight et al. [23] taken from the EXFOR [22] library in Figs. 1-3. The theoretically calculated DDX of proton, deuteron 
and alpha emissions are compared with the available experimental data in Figs. 1-3 for 92Mo respectively. The 
preequilibrium process is dominant for deuteron emission up to the most probable energies whereas the higher energy 
deuteron particles are emitted through the direct reaction. 
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Abstract 

This study shows the dependence on the choice of the ratio of the level density parameters af and an, the saddle point of 
fission and equilibrium deformation of nucleus, respectively, of the alpha induced fission cross sections of uranium 
targets. The ALICE/ASH computer code was used in calculation of each fission cross section for different level density 
parameter ratios. The theoretical calculations were compared with the available experimental data. It is found that the 
fission cross sections dependent heavily on the choice of level density parameter ratio in the fission and neutron emission 
channels, af /an, for two uranium isotopes. 

Introduction 

In nuclear fission the nucleus evolves from a single ground state shape into two separated fission fragments. During the 
change in shape and configuration, the potential energy of the system initially increases up to the fission barrier height, 
and then decreases. Calculations of fission barriers involve the determination of the total nuclear potential energy for 
different nuclear shapes. The fission barrier height could be obtained from the energy relative to the ground-state of the 
most favorable saddle point to be traversed when the shape evolves from a single shape to separated fragments [1]. The 
experimental determination of the fission barrier height is a rather complicated procedure that requires some theoretical 
assumptions, such as the nuclear level densities. The available experimental data on the fission barrier height are very 
limited with relative uncertainties that are very high compared to the uncertainties in the experimental ground state 
masses. Such differences in the measured values are found to be as much as 1 MeV for the same nuclei [2]. Therefore 
experimental data at intermediate energies requires relying extensively on model calculations. One of the models with a 
good predictive power for the preceding fission reactions is ALICE/ASH-2006 computer code developed by [3]. The 
most important step to get a reliable theoretical analysis of cross sections, spectra, angular distributions, and other nuclear 
reaction observables is to get a correct level density together with the optical model potential [4]. Level density parameter 
ratio, af /an, where af is the level density parameter at the fission saddle point and an is the level density parameter after 
neutron evaporation, plays an important role in fission calculations. The choice of appropriate af /an, value stands as a 
problem in the calculations [5]. It was reported that the level density parameter ratio decreased with the increase of 
incident particle energy and had different values for different nuclei [6-8]. Since the final calculated fissilities are very 
sensitive to the af /an values adopted, these have been generally evaluated semi-empirically. 

In this study, the alpha induced fission cross sections of two uranium isotopes were calculated to show the dependence 
on the choice of a ratio of the level density parameters, af /an, by using ALICE/ASH computer code. The method was 
employed using different level density parameter ratios for each fission cross section calculation in ALICE/ASH computer 
code. 

Calculation Methods 

In the calculations, the code ALICE/ASH [3] have been used. This code is, with additional physics, capabilities and 
corrections, a modified version of the ALICE codes [9-11]. 

In ALICE/ASH code, the hybrid and geometry dependent hybrid model (GDH) for pre-compound emissions and the 
Weisskopf–Ewing model for compound reactions are selected. The fission cross section calculations have been made in 
two ways. One of which is the framework of the geometry dependent hybrid (GDH) model using ALICE/ASH-2006 
computer codes developed by [3]. The geometry dependent hybrid model is employed in the pre-equilibrium part of the 
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reaction. 

Calculations 

  

Fig. 1. Effect of the level density parameter ratio on fission cross 
sections for alpha induced fission in 235U. The experimental data are 
taken from EXFOR [12]. 

Fig. 2. Effect of the level density parameter ratio on fission cross 
sections for alpha induced fission in 238U. The experimental data are 
taken from EXFOR [12]. 

Results 

Alpha induced fission cross sections increase sharply with increasing incident alpha energy up to a certain value then 
continue to increase smoothly. It seems one can not exactly describe the fission cross sections with a single value of level 
density parameter ratio (af /an), particularly for two uranium isotopes. It is known that the fission cross sections depend 
heavily on ratio of the level density parameters (af /an). The dependence of the level density parameter ratio on fission 
cross sections is indicated in Figs. 1–2. A few percent variations from the optimal value of the level density parameter 
ratio change the value of the cross sections to a large extent. To get a good description of the measured fission cross 
sections for uranium nuclei, we need to use a ration of the level density parameters in the fission and neutron emission 
channels, af /an depending both on the target-nucleus and on the energy of the projectile, in agreement with results 
published by other authors (see, e.g., [13]).  
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Recently, experimental research show thatsome of the nucleons (neutrons or protons) in the nucleus of certain illustrates 
goes outside of the drop surface. These nuclei are called halo nuclei and also, near the dripline, these nuclei have been 
found to form a neutron or proton halo with a mass distribution that extends far outside the nuclear core. The Skyrme 
effective interaction potential has been widely used to investigate the properties of halo nuclei and neutron-stars. In this 
work (n,p) nuclear reaction cross sections for target proton halo 17F nucleus were studied by the Tel et all formula. 
Reaction cross section formula in this work were calculated in the original as the target 17F nucleus with SKM*, Skyrme 
interaction types.The obtained results were compared with experimental data with the literature.  

Introduction 

In recent years, nuclear physicists have been described protons and neutrons of the atomic nucleus contain of liquid drop 
model in some laboratory research that this is not the case and a new building was completely witnessed. Some of the 
cores in the form of protons or neutrons become cloud of mist or drop off the stone surfaces are going beyond the 
boundaries of the core. Mist or halo nucleus is called the kernel that makes the case.This nucleus may be cleaved more 
easily according to the other normal nucleus. Normal warns are very difficult to break than stable nuclei. But the halo 
nuclei immediately separable such fragile objects.The number of neutrons and protons in the nucleus would be how close 
together (N ~ Z), the more stable core. Unstable nucleus is more stable after β- decay. Beta decay of protons or neutrons 
rapidly become more stable and vice versa converting neutron proton. Stable nuclei with equal numbers of neutrons and 
protons are found in the earth naturally. Equal numbers of neutrons and protons in the nucleus of half life is fairly limited. 
Despite these unstable nuclei are energized to be connected to one of the nucleon and not fixed.  

Calculations 

Overflow limit, called the outer most boundary of the area where the halo nucleus. Overflow nucleon outside border of 
the halo nucleus or core of the nucleon separation energy is very small compared to the energy separation of stable nuclei. 
Compared with the falling 6-8 MeV per nucleon binding energy of stable nuclei, 1 MeV from the binding of nucleons of 
the halo nuclei with lower energy power it is very small [1-4]. Weak core as it depends on the density distribution is seen 
as a long tail and a wide range of interactions it is also easier than the stable nuclei.  

In this test also total interaction cross section σ interaction, neutron-rich light is determined by measuring the interactions 
of different isotopes of the target nucleus. σ interaction, the intensity of the beam of exotic nuclei, then hit the target 
without hitting core and is determined from the change. The projectile (Rproject) target nucleus (Rtarget) interaction cross 
section, It can be calculated with simple geometric cross section using the equation, 

σinteraction = ( R project + R target )2   (1) 

and we can calculated nuclear radii (in fm)  

R = r0 A1/3     (2) 

Table 1. Interaction cross section 

Projectile Target nuclei  ro (fm)  Rprojectile  Rtarged σinteract (barn)  
Neutron 17F  1.2  1.2  3.09 81,05 
Neutron  19F  1.2  1.2  3.21 14.09 

 

There are many neutrons incident crosssection formulas to calculate nuclear reactions in the literature. In this work, we 
investigated the nuclear reactions cross sections between 14-15 MeV energy range. For cross section calculations of these 
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reactions, asymmetry parameter was defined as; S = ((N-Z)/A)) , where N is neutron number and Z is proton number of 
target nuclei. In this work, asymmetry parameter was calculated from nucleon density for the target 17F in these formulas. 
We used the proton and neutron density for calculations with SKM* parameters and we calculated Tel et all’s formula 
using these parameters [5]. The new density dependence calculations for the target 17F and values for the obtained results 
are discussed. Tel at all’s formula for (n,p) nuclear reactions are given on the Table 2.  

Table 2. 14-15 Mev (n, p) nuclear reactions used to crosssections formulas [5] 

Authors Mass region Formula, σ (mb) X2 Ref.  
Tel at all I 17≤A≤239 14.56(A1/3+1)2exp(-26.58s) 0.807 5 
Tel at all II even-Zandeven-N 16.33(A1/3+1)2exp(-26.17s) 0.863 5 

 

Table 3. 𝑽𝒔𝒌𝒚𝒓𝒎𝒆	formula [7,8] 

𝑉A«Æ\®p  𝑉]Ë = 𝑡i 1 + 𝑥i𝑃È 𝛿 𝑟]⃗ − 	𝑟Ë⃗ + 4
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𝑖𝑡¦ 𝜎]⥟ + 𝜎Ë⥟ . 𝑘�⃗𝑥	𝛿 𝑟]⃗ − 	𝑟Ë⃗ 𝑘⥟ +
𝟏
𝟔
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\Ô
⃗z	\Õ

⃗

:
	)

 

 

In this study (n,p) nuclear reactions were studied for 17F for betveen, 14-15 MeV. There ıs not (n,p) nuclear reactions 
experimental data on EXFOR data base. The Skyrme potantial function are given Table 3. We used the proton and neutron 
density for calculating cross sections. SKM*parameter was used asasymmetry parameter calculations for the target 17F 
.The used in the calculations were also given Skyrme potantial functionin the Table 3. SKM* parameter in the calculations 
were also given in Table 4. Protons and neutrons density values for SKM* asymmetry parameters were shown in Table 5 
and SKM* density values were shown in the graph in Fig. 1. 

Table 4. SKM* parameters [6] 

t0 t1 t2 t3 t4 x0 x

1 
x2 x3 a 

 -2645 410 -135.0 15595.0 130 0.09 0 0 0 1/6 

Table 5. SKM* density values 

R(fm) Proton density (fm-3) Neutron density(fm-3) (n,p) Tel at all. (in mb) 
0 0.07447 0.07041 52.8732 
0.3 0.07533 0.07164 56.1691 
0.6 0.07582 0.07307 64.1966 
0.9 0.07594 0.07423 74.0354 
1.2 0.07488 0.07385 81.0437 
1.5 0.07196 0.07104 81.9574 
1.8 0.06677 0.06547 76.3394 
2.1 0.0593 0.0573 65.9657 
2.4 0.04993 0.04724 53.2718 
2.7 0.03947 0.03633 40.3753 
3 0.02903 0.02583 28.6413 
3.3 0.01977 0.01687 18.8438 
3.6 0.01251 0.01014 11.3087 
3.9 0.00745 0.00568 6.08124 
4.2 0.00428 0.00302 2.88133 
4.5 0.00241 0.00156 1.19455 
4.8 0.00136 0.00079 0.43432 
5.1 0.00078 0.0004 0.13972 
5.4 0.00046 0.0002 0.04068 
5.7 0.00027 0.0001 0.01106 
6 0.00017 5.3E-05 0.00293 

 

The asymmetry parameter is defined as S = N-Z/A. It was changed and used the  S=(𝞀n- 𝞀p)/ (𝞀n+ 𝞀p) where 𝞀p is the 
proton density and 𝞀n is neutron density. 
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Fig. 1. SKM* denstiy values 

Results and discussion 

In this work, (n, p) cross section reactions for Flor (17F) target nucleus was studied by the Tel et all formula.We didn't 
find experimental data for (n,p) in the crosssections data in EXFOR data, so we only calculated theoretically for (n,p) 
reactions. We used nucleon density for calculating nuclear reactions cross with SKM* Skyrme force. The density depends 
on cross sections formulas with including asymmetry parameters forms is usefully and better successfully for calculations 
of nuclear reaction cross sections for halo nuclei.  
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Abstract 

In the present study, the thorium fuel efficiency was investigated for Pressured Water Reactor with a new Mixed Oxide 
(MOX) fuel design using by SERPENT Monte Carlo code. Fuel assembly has been constituted from MOX, which 
includes ThO2, UO2, and PuO2 in variable percentages. UO2 is more suitable material than PuO2 to consume of ThO2 in 
the MOX fuel system. Also, neutron damage on new fuel pellets has been simulated by the FLUKA Monte Carlo code. 
As a result, when compared to UO2 with PuO2 for depletion of ThO2, UO2 has been observed to be more effective 
depending on the content of the total fuel rods. Another result, as PuO2 amount increases, Number of Displaced Atoms 
(NDA) value has been increased. So, ThO2 is more suitable than UO2 and PuO2 in terms of neutron damage.  

Introduction 

Since the early 1980's, Mixed Oxide, instead of conventional uranium-based fuels, has been begun to be used widely. 
Particularly, this process gained speed to use plutonium arising from the dismantled nuclear weapons in accordance with 
treaty on the non-proliferation of nuclear weapons [1]. Weapons grade plutonium, either can be recycled as MOX fuel in 
an appropriate nuclear reactor system or can be stored underground at glass phase [2]. Nowadays, developed countries 
have the MOX fuel technologies and they have been continued to invest in development. Many theoretical and practical 
studies were performed to produce the most suitable reactor fuel by researchers [3-8]. It is known that PWR core design 
is the most widely reactor type used in the world with about 63% and so, effects on PWR reactor of thorium-based MOX 
fuel technology have an important place in the world nuclear industry.  

The use of thorium as nuclear fuel is a laborious process because it is not fissile material and so, thorium is not used as a 
direct fuel for reactors. But this problem can be overcome using together with fissile materials such as 235U or 239Pu. 
Although this process requires the trouble and cost, thorium has many advantages such as high melting point that it is 
about 34000C, high level thermal and chemical properties. It is also important in that it has a low rate of radioactive waste. 
So, thorium is called as clean nuclear fuel of the future [9]. 

Because of the difficulty of doing experimental work on nuclear reactors, reactor simulation works have contributed in 
many ways with a great success rate to nuclear technology and industry. Monte Carlo technique is widely used in the 
nuclear fuel burnup calculation as a methodology. The Monte Carlo method has been used by some nuclear code 
programs. One of the most important is SERPENT code system. “SERPENT is a three-dimensional continuous-energy 
Monte Carlo reactor physics burnup calculation code, developed at VTT Technical Research Centre of Finland since 
2004” [10].  

In this paper, SERPENT Monte Carlo code system was used to design the PWR system with fuel pins which containing 
the different amounts to PuO2, ThO2 and UO2. Fuel pins have been modeled to evaluate some output parameters such as 
depletion of fuel materials and infinite multiplication factor (kinf). 

Materials and Methods 

Thorium Fuel Cycle 

Conventional fuel technologies have been built on uranium-based fuels, which have a naturally fissile isotope known as 
235U. Reserves of this fuel have decreased day by day and it is not economic. Apart from this, the second most common 
fuel technology is plutonium-based MOX fuels. When necessary technology provided, thorium will be an economical 
material. Because, thorium has more reserve in the nature, unlike uranium sources. The biggest problem in using thorium 
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as fuel is that thorium is not fissile. To overcome this difficulty, firstly non-fissile thorium must be converted to 233U with 
thermal neutron capture and then it can be used as fuel in the reactor. This cycle is as follows [11]. 

𝑇ℎÙi
:d: 𝑛, 𝛾 → 𝑇ℎÙi

:dd 𝛽3 → 𝑃𝑎Ù4
:dd 𝛽3 → 𝑈Ù:

:dd  

This cycle can be provided by three methods. One of these methods is to add thorium to certain amount enriched uranium. 
Second is addition of thorium in the plutonium-containing fuel and third method is use of 233U as neutron provider. But 
233U can already be obtained thorium fuel cycle. So, the first two methods are more notable for the thorium fuel cycle. 
This study was conducted using the first two methods together at the same time.  

PWR Core Design 

As seen as in Fig.1, standard 17x17 fuel assembly [12] was selected for lattice with 12.6 mm square pitch, 0.4025 cm and 
0.4750 cm, fuel pin radius inner and outer respectively.  

 

 
Outer layer 

 
Mid layer 

 
Inner layer 

 
Guide tube 

Fig. 1. PWR Fuel Assembly 

There are 264 fuel rods in the fuel bundle. The conventionally used bundles were classified to 3 layers as inner, mid, and, 
outer. 6 configurations were determined by this design and a table was created about these configurations (Table 1). These 
configurations were compared to conventional UO2 fuel (enriched 4%wt.). 

Table 1. Distribution of the burnable fuels in layers of the studied lattice geometry 

 Inner (%) Mid (%) Outer (%) 
Configurations 

ThO2 PuO2 UO2 ThO2 PuO2 UO2 ThO2 PuO2 UO2 

HEU - - 100  - - 100  -  - 100 
C1 30 5 65  20 5 75  10  5  85 
C2 30 10 60  20 10 70  10  10  80 
C3 30 15 55  20 15 65  10  15  75 
C4 30 20 50  20 20 60  10  20  70 
C5 30 25 45  20 25 55  10  25  65 
C6 30 30 40  20 30 50  10  30  60 

  

Percentage of PuO2 was kept as constant for inner, mid, and outer layers but its percentage value was increased in each 
configuration from 5 to 30 by 5 steps. Percentage of UO2 and ThO2 were changed in each layer and configuration. In total 
fuel content, percentage of ThO2 is 15.6. Thorium distribution is 10% (inner) 20% (mid), and 30% (outer) in the layers, 
respectively. Percentage of uranium was kept to a high level in the outer layer against to the neutron leakage problem. 
The enrichment ratio of uranium is 4% in the MOX fuel composition for all of the layers. The initial percentages of 
isotopes of plutonium (239Pu, 240Pu, 241Pu and 242Pu) are 0.40%, 0.25%, 0.14% and 0.01% in PuO2 fuel, respectively.  

As cladding material, conventional Zircaloy material was used as 600K and guide tubes were arranged with water. The 
present study was made to investigate the most appropriate form to thorium consumption. To be understood of fuel layers, 
3D modeling was used for fuel design. This system was drawn (Fig. 1) by using the SimpleGeo program with geometry 
editor developed by Theis in [13].  
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SERPENT Monte Carlo Code System 

SERPENT Monte Carlo code [10] is generally used for investigation homogenized multi-group constants for 
deterministic 3D core analysis with Chebyshev Rational Approximation Method (CRAM) and Transmutation Trajectory 
Analysis (TTA). In this study, CRAM method was used as Burnup mode. The code system consults to some libraries to 
evaluate continuous energy interactions with ACE format cross section databases as JEF-2.2, JEFF-3.1, ENDF/B-VI.8 
and ENDF/B-VII. This code, with many options it has, enables users to do a lot of analysis, such as time dependent 
depletion of burnable materials, produced isotopes, radioactive decay, fission yield data, few or multi group cross section 
constant, power distribution etc. Input parameters used in the study have been given in Table 2. Further information can 
be found on the SERPENT web page.  

Table. 2. Parameters of PWR Configuration 

Parameter Value 
Burnup mode Chebyshev Rational Approximation Method (CRAM) 
CPU Intel® Xeon ® CPU E5430/2.66 GHz 
Total number of burnup steps 42 
Burnup days 1036 
Number of simulated source neutrons 3.106 
The number of source neutrons per cycle 6.000 
The number of active cycles run 500 
The number of inactive cycles run 20 
Fuel pin inner/outer Radius (cm.) 0.4025/0.4750 
Pitch (cm) 21.6120 
Pin numbers in bundle 264 
Fuel temperatures 900 Kelvin 
Power Density (kW/g) 0.0386 
XS Library ENDFB7 

 

Usability of thorium was tested for PWR reactors using by different plutonium ratios in the fuel. Fuel contents were 
determined as the number of atoms per cubic centimeter (1024/cm3 =1/barn x cm).  

Atomic Displacements by Neutron Irradiation 

Neutron interactions play an important role in the nuclear reactor operations. So, neutron damage on fuel elements should 
be analyzed when the fuel assembly was designed. In the FLUKA Monte Carlo methodology, radiation damage has been 
described as Displacement per Atom (DPA) [14-15]. For example, if DPA is equal to 2, each atom in the material has 
been displaced at an average 2 times in its structural matrix. The atomic defect formation mechanism was given 
representatively in the Fig. 2. 

 

Fig. 2. The atomic defect formation mechanism NDA values versus PuO2 content 

DPA value depends on the number of atoms per cm3 (ρA), number of particles per interaction channel (Ni), and Frenkel 
pairs per channel (NFi) as shown in Eq. (2).  

𝐷𝑃𝐴 = 4
Ýf

𝑁]𝑁]Þ]       (2) 

Vacancy 

Interstitial 
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In the FLUKA code, Displacements per Atom (DPAs) have been defined as average DPAs in each bin per unit primary 
weight of particles. In the present study, obtained DPA values were converted to Number of Displaced Atoms (NDA) per 
second via Eq. 3 as below. 

𝑁𝐷𝐴 = 𝐷𝑃𝐴 ∗ 𝑁x ∗ 𝜌 ∗ 𝑉 𝐴       (3) 

Where 𝑁x is Avogadro’s number, 𝜌 is density of fuel, V is volume, and A is atomic mass [16-17]. The average energy of 
the neutrons in the reactor has been entered as a 2 MeV with 106 primary neutrons.  

Results and Discussion 

As a fuel, thorium's efficiency is concerned with neutronic igniter fuel. High enrichment leads to very rapid consumption 
and so the most appropriate enrichment technique for thorium consumption was investigated by trial and error method. 
Thorium consumption was examined depending on reactor efficiency by increasing the amount of plutonium from 5% to 
30% with 5% steps for the total fuel mass in the all configurations.  

It can be said that this study is focused to two important matters as burnup performance and neutron radiation damage on 
fuel cells. SERPENT 1.1.7 and FLUKA 2011.2c.2 Monte Carlo codes were used to research of these parameters. 

As is known, number of fission neutrons is directly proportional with kinf. Looking at Fig. 3, when the reactor was loaded 
with uranium fuel, the initial value of the kinf is 1.35 and this value tends to decline quickly.  

  

Fig. 3. keff versus Burnup Fig. 4. 238U Atomic Density versus Burnup 

Initial kinf values of C5 and C6 configurations are higher than conventional uranium fuel (HEU). When all configurations 
are examined, there is no problem to make the following comment. HEU's kinf value has been subcritical more quickly 
than the others. If PuO2 amount increases, it can be said to be critical much longer time of the system under the present 
circumstance.  

In Fig. 4, consumption of 238U for all configurations was given. Initial amounts of 238U are 1090 kg (0.0202/barn.cm), 
860 kg (0.0159/barn.cm), 800 kg (0.0151/barn.cm), 750 kg (0.0143/barn.cm), 695 kg (0.013/barn.cm), 650 kg 
(0.012/barn.cm), and 590 kg (0.011/barn.cm) for HEU, C1, C2, C3, C4, C5, and C6 respectively. The 238U consumption 
rate is approximately equal for all configurations. 238U showed a proper behavior as expected, according to the change 
percentage of PuO2. 238U attenuation curves show very little fluctuation.  

The reason of this is that 238U is not a burnable material. In general, 238U - 239Pu transmutation leads to a small decrease 
in the amount of 238U. 238U turns into 239Pu by absorbing neutron approximately 6 MeV. 

In Fig. 5 235U atomic densities were shown versus burnup. There is a sharp decline in 235U depletion curve and when 
reached 31 burnup values, HEU configuration appears to be subcritical. 

The total amount of 235U is 45 kg (0.00086/barn.cm) in the HEU configuration and this configuration can consume only 
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28.5 kg (0.00032/barn.cm) of 235U content before becoming subcritical. In other configurations, total amount of 235U 
decreased with plutonium increase. In these configurations, the total amounts of 235U are 36 kg (0.00068/barm.cm), 34.25 
kg (0.00065/barm.cm), 32.25 kg (0.00059/barm.cm), 29 kg (0.00056/barm.cm), 27 kg (0.00051/barm.cm), and 24.25 kg 
(0.00048/barm.cm) for C1, C2, C3, C4, C5, and C6 respectively. As is seen from the plots, the rate of increase in 
consumption of 235U is decreasing as plutonium amount increases. If certain quantities of PuO2 are added instead of UO2, 
the reactor can be operated for a long time. Because of it remains critical phase for a long time.  

239Pu depletion was shown in Fig. 6. 239Pu has the largest percentage of the total PuO2 content and its behavior is a very 
important parameter for this study. There is initially no 239Pu content in HEU configuration. 

Later, it was produced in trace amounts. This situation is clearly seen in the HEU curve and its initial atomic density level 
showed an upward trend for a certain time and then, it began to show a declining trend as expected. But, PuO2 increment 
in HEU is not pivotal enough to affect the system's criticality. In these configurations, the total amounts of 239Pu are 40 
kg (0.0004/barm.cm), 75 kg (0.0012/barm.cm), 110 kg (0.0020/barm.cm), 145 kg (0.0028/barm.cm), 180 kg 
(0.0032/barm.cm), 215 kg (0.004/barm.cm), and for C1, C2, C3, C4, C5, and C6 respectively. It can be said that PuO2 
extended critic residence time of the reactor depending on the rate of increase in its MOX fuel. But, in terms of thorium 
consumption rate, it cannot be said 239Pu is better than 235U. 

  

Fig. 5. 235U Atomic Density versus Burnup Fig. 6. 239Pu Atomic Density versus Burnup 

Depletion of ThO2 versus burnup was given in Fig. 7. The ratio of thorium fuel was kept constant for inner, mid, outer 
layers by 30%, 20%, and 10% respectively in the lattice. As can be seen from the graph, the total amounts of 232Th are 
158.8 kg (0.00307/barn.cm). There is a visible separation among charts after the completion of 10 MWd/kgU burnup. As 
the amount of plutonium increases in the MOX content, the thorium consumption rate is reduced. 

Long-term neutron exposure causes harmful effects on the nuclear fuels in the nuclear reactor environment. The atoms 
forming the nuclear fuel can leave their location and they form vacancies in the structural lattice. These effects can be 
estimated by Monte Carlo simulation technique with high accuracy. In the FLUKA MC code, radiation damage is 
described as Displacement Per Atoms (DPA) (Eq. 2) and this parameter can be converted Number of Displaced Atoms 
(NDA) by Eq. 3. NDA values per second for 6 different fuel configurations and pure HEU system were obtained by 
FLUKA, as can be seen in Fig. 8.  

Considering the long reactor operation times, the importance of these NDA values given per second can be understood. 
In this figure, the results were given as inner, mid, and outer fuel bundles for each lattice configuration. With increased 
PuO2 content, NDA value increases for all layers. In the inner rods, high amount of ThO2 leads lesser NDA than mid and 
outer fuels. So, it can be said that ThO2 structure has higher neutron resistance than UO2 and PuO2. 
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Fig. 7. 232Th Atomic Density versus Burnup Fig. 8. NDA values versus PuO2 content 

Conclusion 

Fuel mixtures containing ThO2, PuO2 and UO2 in certain proportions were examined for the PWR reactor burnup 
performance. When the results are analyzed, the first observation is that ThO2 contained fuels can be used with proper 
lattice geometry in the PWR reactors. When compared to UO2 with PuO2, in terms of consumption of ThO2, PuO2 
containing fuel is not very effective for studied PWR core geometry. As a result, UO2 is more suitable material than PuO2 
to consume of ThO2 in the MOX fuel system. Nevertheless, PuO2 can be consumed using in the proper proportions in 
UO2 containing fuel to reduce the World's thorium reserves. The second notable outcome is that ThO2 structure is more 
resistant material against long term neutron irradiation than PuO2 and UO2. 
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Calculation of Particle Multiplicity Per Primary Reaction at 1000 and 1200 MeV 
for Thin Targets  

I. DEMIRKOL 

Bingöl University, Department of Physics, TURKEY 

An important ingredient in the performance of accelerator-driven systems for nuclear waste transmutation, generation 
energy and other applications is the number of spallation neutrons produced per incident proton. In this study, 
multiplicities of neutron and other particles per incident proton in collision of 1.0 and 1.2 GeV energetic protons beam 
with Th, Hg, Au, W, Pb, Bi, U, Fe and Cu thin targets have been estimated with the Cascade exciton model (CEM), 
intranuclear cascade (INC) and evaporation model. The calculations have been compared with the evailable data.  

Introductıon 

Since some years, spallation reactions have gained considerable interest due to their importance in technical applications. 
They can, for example, be used for production of neutrons in spallation neutron source [1] and they can act as an intense 
neutron source in accelerator-driven subcritical reactors [2], capable of incinerating nuclear waste and of producing 
energy [3-7].  

Nuclear spallation occurs when a heavy target nucleus is hit by a medium energy particle such as a 1.0 GeV proton. Due 
to its high energy and correspondingly small de Broglie wavelength, this proton interacts with individual nuclei inside 
the nucleus, setting off a cascade of nucleon-nucleon collisions, i.e. the intranuclear cascade. In the course of this cascade, 
some energetic nucleons may escape from the nucleus and eventually hit another nucleus, thus giving rise to an 
internuclear cascade. The remaining nucleus is left behind in a highly excited state from which it returns to the ground 
state by “evaporating” off further nucleons. Spallation is thought to take place in two stages. In the first stage (the 
intranuclear cascade phase), the incident proton creates a high energy particle cascade inside the nucleus. In the second 
stage (the evaporation phase), the excited nucleus relaxes, primarily by emitting low-energy (< 20 MeV) evaporation 
neutrons [8]. 

An important ingredient in the performance of accelerator-driven systems for nuclear waste transmutation and other 
applications is the number of spallation neutrons produced per incident proton. Neutron multiplicities and energy 
distributions are usually calculated using simulation codes [9-11], based on specific models which describe elementary 
production of particles in nuclear reactions [12]. Taking advantage of the progress in accelerator technology in recent 
years the old idea of an intense neutron generator has been revived to be exploited for high-flux pulsed or continuous 
neutron sources of slow neutrons [13-15], transmutation of radioactive waste [16] and the Energy Amplifier (EA) based 
on the 232Th- 233U cycle [17,18].  

The Accelerator Driven System (ADS) is an innovative reactor which is being developed as a dedicated burner in a 
Double Strata Fuel Cycle to incinerate nuclear waste [19]. The ADS systems consist of a sub-critical assembly driven by 
accelerator delivering a proton beam on a target to produce neutrons by a spallation reaction. Spallation target constitutes 
a functional interface, as physical, between the accelerator and the sub-critical reactor. For this reason it is probably the 
most innovative component of the ADS. The target design is a key issue to investigate in designing an ADS and its 
performances are characterized by the number of neutrons emitted for incident proton, the mean energy deposited in the 
target for neutron produced, the neutron spectrum and the spallation product distribution [20,21].  

Spallation is a nuclear reaction in which a relativistic light particle like a proton or a neutron hits a heavy nucleus. The 
energy of the incoming particle usually varies between a few hundreds of MeV and a few GeV per nucleon [22,23]. In a 
first approximation this interaction process can be divided in two steps. In the first stage, usually known as intranuclear 
cascade, the incoming nucleon makes a few, mainly incoherent scattering with nucleons of the target, depositing in this 
way some fraction of its energy. The incoming nucleon sees the substructure of the nucleus, i. e. a bundle of nucleons, 
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due to reduced wavelength. This fast stage of nucleon-nucleon scattering interaction leads to the ejection of some of the 
nucleons and to the excitation of the residual nucleus which will cool itself afterwards, in the second stage [20]. The de-
excitation of the residual nucleus can proceed in two main way: evaporation and fission. The evaporation is the dedicated 
de-excitation channel and the excited nucleus emits nucleons or light nuclei. The second important de-excitation mode is 
fission. The nucleus emits particles until its excitation energy goes below the binding energy of the last nucleon. The de-
excitation process does not end with the ending of the g emission. In fact the nucleus resulting after g decay is often 
radioactive which will decay until the corresponding stable nucleus is reached [20].  

The Models 

Cascade–Exciton Model (CEM) 

Nucleon–nucleus reactions in the medium-energy range are still attracting much attention because of the opportunity to 
investigate the pre-equilibrium particle emission [24]. The mechanism of particle emission during the attainment of 
statistical equilibrium in an excited nuclear system is somewhat intermediate between direct reactions and decays through 
the states of a compound nucleus. The development of the pre-equilibrium concept of the nuclear reactions has allowed 
one to understand the importance of this mechanism and its relation to the intermediate nuclear structure. The majority 
of the exciton models claim only to describe the shape of angle-integrated energy spectra of secondaries, mainly of 
nucleons [25,26]. At higher energies many features of nuclear reactions are fairly well reproduced within the intranuclear 
cascade model [27]. 

In the CEM, it is assumed that the reactions occur in three stages. The first stage is the intranuclear cascade in which 
primary particles can be rescattered several times prior to absorption by, or escape from the nucleus. The excited residual 
nucleus remaining after the emission of the cascade particles determines the particle-hole configuration that is the starting 
point for the second, pre-equilibrium stage of the reaction. The subsequent relaxation of the nuclear excitation is treated 
in terms of the exciton model of pre-equilibrium decay that includes the description of equilibrium evaporative third stage 
of the reaction [28]. In a general case, the three components may contribute to any experimentally measured quantity in 
particular, for the inclusive particle spectrum, as following 

( ) ( ) ( ) ( )[ ]dppNpNpNdpp eqpreqcas
in ++=ss      (1) 

The inelastic cross section ins  is not taken from the experimental data or independent optical model calculations, but it 

is calculated within the cascade model itself [24]. Hence the CEM predicts the absolute values for calculated 
characteristics and does not require any additional data or special normalization of its results. The CEM allows neutrons 
and protons up to 5 GeV and pions up to 2.5 GeV to initiate nuclear reactions. Valid targets are nuclei with a charge 
number greater than 5, and a mass number greater than 11. The CEM consists of an intranuclear cascade model, followed 
by a pre-equilibrium model and an evaporation model.  

Evaporation Model  

ISABEL is an intra-nucleon cascade program. The output cascades are used as directly as input files to the two evaporation 
programs PACE-2 and EVA. PACE-2 takes full account of angular momentum effect including g emission at all stages 
of the evaporation chain. After the INC stage, residual nuclei are in highly excited states, and energy is dissipated by 
evaporation of n, p, d, t, 3He and a particles. The probability p(e) that an excited nucleus will emit a particle x with kinetic 
energy e is proportional to:  

( ) ( ) ( )EmS cxxx vees+2      (2) 

Where Sx and mx are the spin and mass of particle x, s cx is the cross section for formation of the compound nucleus in 
the inverse reaction (bombarding the residual nucleus with particles of energy e), E is the excitation of the residual 
nucleus, and w(E) is the density of levels of the residual nucleus at excitation E. 
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Qx is the binding energy of the particle in the nucleus, and kx are taken from inverse cross section parameterizations for 
each particle. d is the pairing energy, Vx is the Coulomb barrier, and U is the initial excitation energy. These integrals can 
be solved analytically for different particles [29].  

 
 

Fig. 1. Particle (p,a,g) multiplicities per primary reaction for Bi, Au, 
Pb, W, Th, Hg and U thin targets as a function of incident energy in 
range of energy 1.0 GeV. 

Fig. 2. Particle (p,a,g) multiplicities per primary reaction for Bi, Au, 
Pb, W, Th, Hg and U thin targets as a function of incident energy in 
range of energy 1.2 GeV. 

 
 

Fig. 3. Total number of neutrons per primary reaction in range of 
energy 1.2 GeV for thin targets as a function of A mass number. 
Experimental data taken from References [18,32]. 

Fig. 4. Total neutron multiplicities per primary reaction for thin 
targets as a function of incident energy. 

Medium-Energy Intranuclear Cascade  

A powerful method for calculating nonelastic reactions of nucleons with complex nuclei was evolved over the years. This 
is the method of intranuclear cascade followed by evaporation. In this approach, the continual-state transitions of high-
energy particles (E³100 MeV) on nuclei are treated as a two-step process. The first step is the fast cascade where the 
reaction is described by a series of invidual particle-particle reactions that occur within the nucleus, and the second is the 
evaporation of particles from the excited nucleus remaining after the cascade. In this method the Monte Carlo calculation 
techniques are generally employed [30]. The MECC-7 is Medium-Energy Intranuclear Cascade Code System. This code 
calculates the results of nuclear reactions caused by a medium-high energy particle colliding with a nucleus. The code 
system is based on the assumption that nuclear reactions involving high-energy particles can be described in terms of 
particle-particle collisions, the type of collision and the scattering angles for each collision are determined by statistical 
sampling techniques [31]. 
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Intranuclear Cascade Model (INC) 

The concept of an INC model is quite old and intuitively simple. A incident particle on a nucleus will interact with 
individual nucleons, with final states defined by a set of fundamental particle-particle cross sections. The nucleons are 
considered to be a cold, free gas confined within a potential that describes the nuclear density as a function of radius, and 
Fermi motion of the nucleons is taken into account in modeling the interactions. When the ISABEL intranuclear cascade 
model is invoked, it is possible to determine explicitly the particle-hole state of the residual nucleus since a count of the 
valid excitations from the Fermi sea (and the filling of existing holes) is provided [29]. 

Table 1. Average energy of (n,p,a,g) particlies per primary reaction for thin targets at beam of proton 1000 MeV. Calculations have been made 
by using the ISABEL-PACE2 and CEM95 code. 

Energy 95CEM
nM  

ISABEL
nM  

ISABEL
pM  ISABELM a  

ISABELM g  

p + 209Bi, Ep=1000 MeV 2.48 1.87 … … 0.9 

p+ 197Au, Ep=1000 MeV 2.5 1.9 … … 0.93 

p+ 208Pb, Ep=1000 MeV 2.42 2.02 … 31.2 0.88 

p+ 184W, Ep=1000 MeV 2.41 1.95 … … 0.94 

p+ 232Th, Ep=1000 MeV --- 1.65 … … 1.04 

p+ 202Hg, Ep=1000 MeV 2.49 2.06 … … 0.89 

p+ 238U, Ep=1000 MeV 2.57 1.63 … … 1.1 

 
Result and Discussion 

The spallation target is one of the most important components of ADS. Since a large amount of neutrons is produced by 
spallation reaction, the important conditions in selecting the target material are the neutron production rate, heat removal, 
radiation damage stability. In an ADS, a high energy proton beam irradiates a heavy element to produce spallation 
neutrons that initiate transmutation of long lived transuranic and fission products keeping the reactor sub-critical. 

In this study, the CEM95, ISABEL-PACE2 and MECC7 code system packages have been used to calculate the mean 
number of particlies (n,p,a,g) produced in each thin target, Bi, Au, Pb, W, Th, Hg, U, Fe and Cu. In thin targets where 
there is a single nuclear reaction (i.e. inter-nuclear cascade), the neutron production is shown to depend rather weakly on 
both target material and beam energy. In a single p-nucleus collision, only a rather small fraction of the incident energy 
can be found as excitation energy and a larger and larger fraction of this energy is removed by charged particles at the 
expense of neutrons.  

Fig.1 shows particle (p,a,g) multiplicities per primary reaction for Bi, Au, Pb, W, Th, Hg and U thin targets as a function 
of A mass number of target in range of energy 1.0 GeV. Fig. 2 shows particle (p,a,g) multiplicities per primary reaction 
for Bi, Au, Pb, W, Th, Hg and U thin targets as a function of A mass number of target in range of energy 1.2 GeV. 
Calculations have been made by using the ISABEL-PACE2, CEM95 and MECC7 codes. Fig. 3 shows total number of 
neutrons per primary reaction in range of energy 1.2 GeV for thin targets as a function of A mass number. Experimental 
data taken from References [18,32]. Fig. 4 show total neutron multiplicities per primary reaction for Bi, Au, Pb, W, Th, 
Hg, U, Fe, and Cu thin targets as a function of incident energy. Calculations have been made by using the ISABEL-
PACE2 code. The obtained results with ISABEL-PACE2 come mostly from evaporation process. The observed larger 
neutron multiplicity for U compared to Bi, Pb, Au, W, Th, Hg can be ascribed in the case of thin targets to a higher 
probability for energy absorbtion in the bigger target nucleus, to the lower neutron binding energies of U spallation 
products, and eventually to one or more extra neutrons from fission of the residual nucleus. 

 In Table 1, average energy of (n,p, ) particlies per primary reaction have been given for collision of the different 

thin targets, Bi, Au, Pb, W, Th, Hg and U, with 1000 MeV proton beam. Calculations have been made by using the 
ISABEL-PACE2 and CEM95 with different the models, intranuclear cascade, cascade exciton and evaporation models. 

ga ,
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Spallation is the process where nucleons are ejected from a heavy nucleus being hit by a high energy particle. In this case, 
a high-enery proton beam directed at a heavy target expels a number of spallation particles, including neutrons. Powerful 
accelerators can produce neutrons by spallation. This process may be linked to conventional nuclear reactor technology 
in ADS to transmute long-lived radioisotopes in used nuclear fuel into shorter-lived fission products. There is also 
increasing interest in the application of ADS to running subcritical nuclear reactors, powered by thorium. In an ADS, the 
most interesting quantity for neutron source designers is the number of neutrons generated for incident particle. Gaining 
a better knowledge on the neutron economy may have important consequences on the design of a high-intensity neutron 
facility. 
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Abstract 

This study has been focused on AB-BNCT (Accelerator Based Boron Neutron Capture Therapy) for in order to be treated 
with minimum photon exposure of patients who having deep-seated brain tumors. High energy (1 GeV, 1mA) proton 
accelerator system is used as neutron generator. This type of accelerators uses lead as target together with concrete shield. 
To ensure optimum treatment conditions, three different targets (lead, bismuth, and thallium) and shield (ordinary 
concrete, zirconium, and zircaloy-4) materials are investigated. In light of this research, neutron and photon flux values 
are calculated. Also dose evaluation is made for brain tumor which has been modeled by using FLUKA voxel geometry. 
As a result, the best optimization is provided for bismuth target with zirconium shield. It has a sufficient epithermal 
neutron flux, the most suitable dose value and the least photon exposure value in all of the investigated systems.  

Introduction 

BNCT is a treatment technique which uses interactions between thermal or epithermal neutron and 10B. To perform this 
application, a nuclear reactor or the accelerator system is required. Nowadays, the BNCT have been used in some 
countries such as Finland [1], Japan [2], USA [3], Argentina [4], Taiwan [5] etc. In addition, many theoretical studies 
were carried out on this subject with different designs they have [6,7]. The operating mechanism of the proton accelerator 
system is as follows, the acceleration of protons, bombarding the target, the production of thermal and epithermal 
neutrons, respectively. The treatment process continues as follows, Injection of 10B to the tumor regions, bombarding the 
tumor by thermal and epithermal neutrons. The interaction of neutrons with boron is given as Eq 1. 

𝐵 + 𝑛 → 𝐵44 ∗ → 𝛼 + 𝐿𝑖 + 2.31	𝑀𝑒𝑉à4i    (1) 

Alpha and lithium, which are obtained from this reaction have short range. So, they knock down tumor cell via their high 
linear energy transfer (LET) without damaging to healthy tissue. After alpha emission process, excited nuclide emits a 
gamma photon to release extra energy. It is approximately 0.477 MeV. 

Some elements (C, N, O, and H) in the tumor tissue cause additional dose by interacting with neutrons. This extra dose 
occurs from three different components as follow, [8] 

• Gamma dose: 𝐻4 + 𝑛 → 𝛾 + 𝐻:  (2) 

• Neutron dose: 𝐻 + 𝑛 → 𝑛� + 𝑝𝑟𝑜𝑡𝑜𝑛4  (3) 

• Proton dose: 𝐶4¦ + 𝑛 → 𝑝 + 𝑁4¦  (4) 

The main problem during the neutron production process is the production of fast neutrons and photons together with 
thermal and epithermal neutrons. To overcome this difficulty, the design of the most suitable target system is needed to 
prevent damage to healthy tissue outside the tumor region. For this purpose, firstly, materials surrounding the target must 
be used (heavy water, graphite and beryllium etc...) to slow down the fast neutrons [9]. Also, shield design against fast 
neutrons and gamma exposure is of paramount importance to reduce unwanted radiation during clinical treatment [2]. In 
several studies, the most commonly used shield materials were reported as lead and concrete against photons and fast 
neutrons respectively [10,11]. 

The purpose of this study is to test the efficiency of BNCT system with different configuration designs. In this context, 
neutron production has been investigated the interactions of different target materials with protons obtained from the 
accelerator. Besides this, target system has been clad with various shield materials (zirconium and zircaloy-4) as 
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depending on fast neutron and photon exposure. Finally, the total physical dose in the voxel region has been calculated 
in all the configurations. 

Materials and Method 

To model a proton accelerator based BNCT facility including nine different target-shield configurations encoded in Table 
1, Monte Carlo simulations were carried out using the FLUKA code system [12,13]. It is an extremely useful tool in the 
field of different important application areas such as particle physics, medical physics, nuclear physics, cosmic showers, 
accelerators etc... [14-19]. Detailed information about this code can be found at www.fluka.org web page.  

Table 1. Codes of Modeled Target-Shield Configurations 

Codes  Target - Shield 

C1 Lead- Concrete 

C2 Lead- Zirconium 

C3 Lead- Zircaloy-4 

C4 Bismuth- Concrete 

C5 Bismuth- Zirconium 

C6 Bismuth- Zircaloy-4 

C7 Thallium- Concrete 

C8 Thallium- Zirconium 

C9 Thallium- Zircaloy-4 

 

The simulated facility consists of three elements as a linear proton accelerator, Beam Shaping Assembly (BSA), and head 
phantom together with the brain and tumor region. In the accelerator design (Fig.1), dummy quadrupole model containing 
four quadrupoles, a translator dipole (200 angle), and external magnetic field was used.  

 

Fig.1. Simulated geometry 

This accelerator has 1 mA beam current and 1 GeV proton energy. Protons hitting the target, lead to different energy 
neutron emission by interacting with the target. At this point, BSA design plays an important role to produce suitable 
neutrons to BNCT applications. Heavy water was used to attenuate fast neutrons as the moderator material around the 
target. And then inner and outer shielding layers were placed. To reduce gamma contamination, lead was used as inner 
shield and outer shield was placed to decrease fast neutron flux. As outer shield material ordinary concrete, zirconium, 
and zircaloy-4 materials were tried. Head phantom was described by FLUKA voxelizated geometry with 1x1x1 cm3 
voxels. A dimension of the total voxel region was set as 20x16x20 cm3. Six layers were assigned materials about phantom 
as skin, bone, three brain tissues, and borated brain from outside to inside in air environment. Mass compositions of these 
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materials can be seen in Table.2.  

Table.2. Mass compositions voxel tissues 

  Mass Composition (%) 
Phantom Components Skin  Bone Brain Borated Brain 
Density ( g/cm3) 1.0900 1.8500 1.0300 1.03 
Hydrogen 10.0000 6.3984 11.0667 7.74669 
Nitrogen 4.2000 2.7000 13.2800 9.296 
Sodium 0.2000 - 0.1840 0.1288 
Phosphor - 7.0000 0.3540 0.2478 
Chlorine 0.3000 - 0.2360 0.1652 
Calcium - 14.7000 0.0090 0.0063 
Zinc - - 0.0010 0.0007 
Carbon 20.4000 27.8000 12.5420 8.7794 
Oxygen 64.5000 41.0016 73.7723 51.64061 
Magnesium - 0.2000 0.0150 0.0105 
Sulphur 0.2000 0.2000 0.1770 0.1239 
Potassium 0.2000 - 0.3100 0.217 
Iron - - 0.0005 0.00035 
Boron-10 - - - 30.0000 

 

Results and Discussion 

Evaluation of Neutron Flux 

Energy range of thermal neutrons used in the configuration of BNCT system is less than 0.5 eV. Recommended epithermal 
neutron energy range is between 0.5 eV and 10 keV. The energy of neutron beam used in the BNCT system depends on 
where it is localize of tumor. More numerous thermal neutron is preferred than epithermal ones in the BNCT system for 
skin melanoma. In contrast to this situation more numerous epithermal neutrons (>5x108) are required in the treatment of 
deep-placed brain tumors [8]. 

Nine different target configurations were investigated using the FLUKA Monte Carlo Methodology. Including concrete 
shield configurations were given in Fig. 2.  

 

Fig.2. Neutron flux versus energy for concrete shield 

Looking at the thermal region, C7 configuration has less efficiency than others. Although in the range of 1 eV- 0.1 keV 
epithermal energy region, only C1 design has neutron flux, C1 has almost the same epithermal neutron flux value in other 
areas when compared to C4 and C7. When the fast neutron region is examined, it was observed that C4 has the highest 
flux.  

In Fig. 3, zirconium shield configurations can be seen. Compared with other configurations, C5 has the lowest thermal 
neutron but also it has also the highest epithermal flux. Fast neutron flux has been ranked in descending order as C5, C2 
and C8. 
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Fig 3. Neutron flux versus energy for zirconium shield 

When examined in Fig. 4, considering the thermal neutron density, C9 is an appropriate choice. In the epithermal region, 
while C6 and C9 have approximately the same flux value, C3 has more flux than others. Descending order of zircaloy-4 
shielding design for fast region is as follows C6, C9, and C3. Fast neutron flux values in descending order has been 
observed as C6, C9 and C3. 

 

Fig. 4. Neutron flux versus energy for zircalloy-4 shield 

To compare the obtained results above, all regions which containing thermal, epithermal and fast neutron flux have been 
shown separately with all configurations in a single plot. These plots can be seen in Figs. 5-7 for thermal region analysis, 
epithermal region analysis, and fast region analysis respectively. 

 
 

Fig.5. Average thermal neutron flux for different configurations Fig.6. Average epithermal neutron flux for different configuration 
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Fig.7. Average fast neutron flux for different configurations 

Evaluation of Photon Flux 

BNCT system is based on the interaction of neutron particles with the 10B. As mentioned above, gamma dose is a 
contaminant for this treatment together with fast neutron. These contaminations should be reduced by the suitable Beam 
Shaping Assembly (BSA). When designing BSA, bismuth is a good option as a shield material to reduce gamma exposure 
[2]. Photon flux distribution for all the studied BS systems are given in Figs 8-10.  

  

Fig.8. Photon flux versus energy for lead target Fig.9. Photon flux versus energy for bismuth target 

  

Fig. 10. Photon flux versus energy for thallium target Fig.11. Average photon flux for different configuration 

Furthermore, the average photon flux values for a better interpretation of the results are given in Fig. 11. It can be said 
that C2, C3, C5, and C6 are suitable configurations to decrease gamma exposure. For this aim, C1 and C7 configurations 
are not recommended. 
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Dose Evaluations  

Total physical dose consists from combination of four different dose components are gamma dose (Dg), fast neutron dose 
(Df), thermal neutron dose (Dt), and boron dose (Db) respectively. To find biological effects of these four components, 
each component must be multiplied by the “Weighting Factor” (w) or “Relative Biological Effectiveness” (RBE) [20]. 
Biological dose can be written as follows. 

𝐷â = 𝑤g	𝐷g + 𝑤^ 𝐷ä + 𝐷� + 𝑤[𝐷[   (5) 

Where 𝑤g , 𝑤^ , 𝑤[ are the weighting factors. 𝐷g , 𝐷ä , 𝐷� 𝐷[ are the dose components. 𝐷â is the total biological dose.  

Dose Exposure of the tumor was given in Table 3. There results stand out in this table as C3, C6, and C7. C3 has the 
highest dose value. The reason of this is that its own high epithermal neutron flux. C6 and C7 dose value is zero because 
of a sufficient number of neutrons could not reach the tumor. Total tumor dose value is affected by epithermal flux as 
directed. Photon interactions should be considered.  

The results were compared with ICRU value. It will be seen that Bismuth-Concrete (C4) system is closest to the 
recommended ICRU value. Other configurations are away from the referenced ICRU dose value. They may be used in 
BNCT depending on the location of the brain tumor.  

Table 3. Voxel dose for different target and shield configurations 

 Shield Material Voxel Dose (Gy/min) 

 ICRU, 1992 (Report:46) 0.068 

L
ea

d 
T

ar
ge

t Concrete 0.0338 

Zirconium 0.0146 

Zircaloy-4 0.5241 

B
is

m
ut

h 
T

ar
ge

t Concrete 0.0649 

Zirconium 0.0845 

Zircaloy-4 Negligible 

T
ha

lli
um

 
T

ar
ge

t 

Concrete Negligible 

Zirconium 3.7757E-07 

Zircaloy-4  1.0933E-05 

 

Conclusions 

A proton accelerator based neutron generator system was simulated to test usability for the treatment of deep seated brain 
tumor with nine different BSA configurations. Neutron and photon flux were estimated for each configuration and also 
dose values were calculated per minute. When the results were evaluated in terms of flux, it is the most appropriate option 
C3 and C5 configuration for BNCT according to IAEA recommended epithermal flux (fepi > 5x108/cm2.s). Looking at 
the calculated dose values, C4 and C5 designs are closest to the ICRU report. As a result, simulated BSAs may be used 
in the different BNCT applications according to location of tumor in the human body. 
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Investigation of Proton Induced Reactions on the 58Ni Target at Low and 
Medium Energies 

R. BALDIK, A. YILMAZ 

Bülent Ecevit University, Department of Physics, Zonguldak, Turkey 

Nickel (Ni) is an important material in fusion and fission reactor technologies, and many other fields. 58Ni isotope is the 
most abundant (68.0077%) in natural nickel. The excitation function is describable as a function of cross-sections with 
regard to the bombarding projectile energy on target material. Therefore, the excitation function in nuclear reactions is 
very important role in nuclear reactor technology. In this study, the excitation functions of the proton induced reactions 
on the 58Ni target are calculated with the pre-equilibrium nuclear reaction models. These calculations are performed in 
the TALYS 1.6 and the ALICE/ASH codes. The obtained results are compared with the available experimental data taken 
from EXFOR database. 

Introduction 

The performance and design of fusion reactors are dependent on the properties of first wall, blanket or divertor systems 
[1-3]. When products of fusion reactions; neutron, proton, deuterium, tritium and alfa i.e are interacted with the structure 
materials, the mechanical and physical properties of these changes with the particles irradiation [4-8]. Thus, structure 
materials in fusion reactors are crucial a component for fusion reactor technologies. On the other hand, experimental 
processes for investigation of nuclear reactions are expensive and taken very long time i.e. Therefore, the estimation of 
the particle induced reaction cross-sections using nuclear reaction models substantially reduces these problems. The 
nuclear reaction models are frequently needed to provide the particle induced reaction cross-sections data.  

The pre-equilibrium reaction models are suitable methods to provide the particle induced reaction cross-sections data. 
The pre-equilibrium reactions are occurred by light projectiles with incident energies above about 10 MeV. The pre-
equilibrium reaction mechanism is useful for explaining excitation functions evaluated for the production of radioisotopes 
and particle emission spectra. Some pre-equilibrium models in literature: the exciton model, the hybrid model, the 
geometry dependent hybrid (GDH) model and the two–component exciton model was introduced by Griffin [9], Blann 
[10], Blann and Vonach [11] and Gupta [12], respectively. 

Some theoretical calculations for the fusion structure materials in literature are as follow: the cross sections for (n,p) 
reactions of 58Ni, 60Ni, 61Ni, 62Ni and 64Ni targets and (n,α) reactions of 27Al, 24Na and Ni isotopes using pre-equilibrium 
nuclear reaction models via TALYS 1.0 code are calculated by [13,14]. The calculated cross sections for neutron induced 
reaction on the 54,56,57,58Fe isotopes using TALYS 1.0 code is made by [15]. The Double Differential Deuteron Emission 
Cross Sections at 62 MeV Proton Induced Reactions on the 27Al, 54,56Fe, 197Au, 208Pb ve 209Bi are obtained by [16]. The 
neutron, proton and alpha emission spectra of nickel isotopes for proton induced reactions are calculated by [4]. The 
calculations of proton emission cross sections in deuteron induced reactions of some fusion structural materials are made 
by [1]. 

The protons, which are emitted from the D-D fusion reactions and 2H(4He,p) secondary reactions in the D-T fusion 
reactors. Nuclear reactions may occur in the interaction between the protons and the fusion reactor structure material; 
58Ni isotope. The investigation of possible nuclear reactions is aimed in this study. For this aim, the excitation functions 
for proton induced reaction on the 58Ni isotope are calculated by using the pre-equilibrium reaction models in the 
ALICE/ASH [17] and the TALYS 1.6 codes [18]. The results have been discussed and compared with the available 
experimental datasets [19]. 

Calculations  

The pre-equilibrium nuclear reaction is a nuclear reaction mechanism between direct and compound nuclear reaction 
mechanisms. The pre–equilibrium models in this study is the GDH and the hybrid models in the ALICE/ASH code and 
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the two–component exciton models in the TALYS 1.6 code.  

The hybrid model [10] combines the exciton model formulation [9] and the Harp-Miller-Berne model [19]. The 
differential emission spectrum in the hybrid model is given as 
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d
R= ,       (1) 

where Rs  is the reaction cross section and )(enP  is the decay probability for pre-equilibrium decay. 

The GDH model contains the density distribution of the nucleus. Also, the calculation of nuclear densities in the GDH 
model is averaged over the densities relative to the entrance channel of projectiles, at least for the first projectile and 
target interaction [11,21,22].  
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where !  is the reduced de Broglie wavelength of the projectile and !T  represents the transmission coefficient for the 𝑙 

th partial wave. The ),( en !P  term is similar to )(enP  in the hybrid model, but evaluated for the 𝑙 th partial wave. 

The two–component exciton model is a version of the exciton model [12,18,23]. This model is determined by the exciton 
numbers without distinguishing the proton and neutron. But, the proton and neutron exciton numbers are separated in the 
two–component exciton model, needing two–component formulations. The temporal development of the system can be 
described by a master equation in this model describing the gain and loss terms for a particular class of exciton states 
[24]. Integrating the master equation over time up to the equilibration time (τeq) yields the mean lifetime of the exciton 
state (τ) that can be used to calculate the differential cross-section [25]. The differential emission spectrum in this model 
is given as  
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𝑝í, ℎí, 𝐸«)	τ 𝑝§, ℎ§, 𝑝í, ℎí P 𝑝§, ℎ§, 𝑝í, ℎí .   (4) 

Where the 𝜎rÞ represents the composite nucleus formation cross-section, the 𝑊« term is an emission rate (the Ek term is 
emission energy for kth particle) and the τ denotes the lifetime of exciton state. The P terms represents the part of the pre-
equilibrium population that has survived emission from the previous states and now passes through the 𝑝§, ℎ§, 𝑝í, ℎí  
configurations, averaged over time. The initial proton and neutron particle numbers are 𝑝§i = 𝑍a, and 𝑝ði = 𝑍^, 

respectively with 𝑍a(𝑁a) the proton (neutron) number of the projectile. For any exciton state in the reaction process, 

ℎ§ = 𝑝§ − 𝑝§i and ℎí = 𝑝í − 𝑝íi, so that for primary pre-equilibrium emission the initial hole numbers are ℎ§i = ℎði =
0	[18]. 

Results and Discussion 

In this study, the excitation functions for some proton induced reactions on the 58Ni isotope are calculated using 
ALICE/ASH and TALYS 1.6 codes. Comparison of the calculated excitation functions and the available experimental 
data for some nuclear reactions for incident proton on the 58Ni isotope are shown in Figs 1-4. The highest cross-section 
values are obtained in the range of ~15-17 MeV, ~25-27 MeV, ~13-15 MeV and ~21-24 MeV optimum proton energies 
for 58Ni(p,α), 58Ni(p,d), 58Ni(p,n) and 58Ni(p,2p) reactions, respectively. According to the results, the highest cross-section 
value among handled reaction in this study is obtained in ~ 22 MeV proton incident energy for 58Ni(p,2p) reaction. 

There are difference between the obtained excitation functions using pre-equilibrium models in this study for 58Ni(p,α) 
reaction in Fig. 1. Also, the calculated excitation functions using the two–component exciton model (using TALYS 1.6 
code) for this reaction are rather close to the experimental datasets of Kaufman, Ewart and Blann in the range of ~12-20 
MeV, Levkovskij in the range of ~12-14 MeV, and Brinkman et al. in the range of ~12-18 MeV [26-29]. On the other 
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hand, obtained results using Hybrid and GDH models are rather close to the experimental datasets of Levkovskij after 
~14 MeV, Ewart and Blann after ~20 MeV and Brinkman et al. after ~18 MeV. As a result, the calculated cross sections 
using TALYS 1.6 code in the optimum energy range (~15-17 MeV) are consistent with experimental datasets. 

  

Fig. 1. Comparison of calculations of the excitation functions with the 
experimental data of 58Ni(p,α) reaction. The experimental datasets are 
taken from EXFOR data files. 

Fig. 2. Comparison of calculations of the excitation functions for 
58Ni(p,d) reaction. The experimental dataset is not available. 

There are a huge difference between the obtained excitation functions using pre-equilibrium models in this study for 
58Ni(p,d) reaction in Fig. 2. The theoretical results for this reaction fairly deviate from each other after ~17 MeV. In a 
similar vein, the calculated excitation functions using pre-equilibrium models for 58Ni(p,n) reaction deviate from each 
other in Fig. 3. 

There is difference between the obtained excitation functions using pre-equilibrium models in this study for 58Ni(p,2p) 
reaction in Fig. 4. The obtained excitation functions using the TALYS 1.6 code for this reaction are rather close to the 
experimental datasets of the reaction up to ~18 MeV and after ~24 MeV [27,28,30-32]. After ~18 MeV and in the range 
of optimum energy (~21-24 MeV), the experimental values remain in between the calculations of the ALICE/ASH and 
TALYS 1.6 codes, except for experimental dataset of [28]. The obtained excitation functions using TALYS 1.6 code are 
rather close to the dataset of Levkovskij in the range of optimum energy. 

  

Fig. 3 Comparison of calculations of the excitation functions for 
58Ni(p,n) reaction. The experimental dataset is not available. 

Fig. 4. Comparison of calculations of the excitation functions with 
the experimental data of 58Ni(p,2p) reaction. The experimental 
datasets are taken from EXFOR data files. 

Conclusion 

When it has been taken into consideration the maximum proton energy (14.7 MeV) emitted from fusion reactions, the 
highest cross section value for induced proton reactions on the 58Ni nucleus is obtained as ~174 mb for 58Ni (p,2p) reaction 
at the 14.7 MeV.  
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 The prediction of excitation functions plays an important role for the determinations of fusion structure materials. 
Therefore, the obtained excitation functions in this study may be used for understanding of the fusion and fission structure 
materials. Also, the results in this study provide theoretical data sets for radioisotope production in terms of creating a 
model for experimental studies. The (n,x), (t,x), (α,x) and (d,x) reactions on the nickel target using TALYS 1.8 code (a 
new version of the TALYS) are also investigated in the next studies. 
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Measurement of Thermal Neutron and Resonance Integral Cross Section for the 
193Ir(n,γ)194Ir Reaction. 

M.G. BUDAKa, M. KARADAGa, H. YUCELb 

a Gazi University, Gazi Education Faculty, Ankara, Turkey 
b Ankara University, Institute of Nuclear Sciences, Ankara, Turkey 

The thermal neutron cross section of the reaction 193Ir(n,γ) was measured by the Cadmium ratio method using a 197Au 
monitor as single comparator. Analytical grade IrO2 powder samples diluted with CaCO3 to lower neutron self-shielding 
effect. The diluted samples and Au foils were irradiated with and without a cylindrical 1 mm Cd shield box in a 
thermalized neutron field of a 37 GBq 241Am–Be neutron source installed in Institute of Nuclear Sciences of Ankara 
University. The induced activities were measured in the well using a p-type HPGe detector γ-ray spectrometer with a 
44.8% relative efficiency. The correction factors for gamma-ray attenuation (Fg) and thermal neutron self-shielding (Gth), 
resonance neutron self-shielding (Gepi) effects and the epithermal neutron spectrum shape factor (α) were taken into 
account. The thermal neutron cross section for the (n,γ) reaction in 193Ir has been determined to be 107.11 ± 4.13 b. The 
present result is, in general, in good agreement with the recently evaluated values by 3.5%. The resonance integral cross 
section has been determined as 1307.36 ± 92.04 b and this value agrees with the recently evaluated values by 3.2%. 

Thermal neutron cross-sections and the resonance integrals for epithermal neutrons (from cadmium cut-off energy 0.55 
eV to about 0.1 MeV) can be determined by foil activations to compare cadmium ratios of the materials of interest to 
cadmium ratio of foils of a reference material, for which usually gold is employed. 

Thermal neutron cross section determination 

The thermal neutron cross section, σ0,Ir for the (n,γ) reaction of 193Ir, was determined relative to the reference value, 
σ0,Au=98.65±0.09 b of the 197Au(n,γ) reactions as follows: 

 𝜎i,±\ = 	
ñò3	ñò,óô õö
ñò3	ñò,óô f÷

	 øùú f÷
øùú õö

	𝜎i,xs,         (1) 

where Gth the self shielding factor for thermal neutrons. The reaction rates Rs and Rs,Cd for 197Au monitor and the isotope 
of interest are determined from 

 𝑅A	𝑜𝑟	𝑅A.r1 = 	
xòü	.\	xòü,ý 	Þþ	ÿ

!	5f	"	#ü
,         (2) 

after a bare and Cd-covered sample irradiations; where Asp, Asp,e are the specific activities obtained after a bare and Cd-
covered isotope irradiation, M the atomic weight, θ the isotopic abundance, NA the Avogadro’s number, γ the absolute 
gamma-ray emission probability, εp the full-energy peak detection efficiency, and Fg the correction factor for gamma-ray 
attenuation. 

The correction factor for gamma-ray attenuation in the sample at a given gamma-ray energy at a fixed geometry for the 
case of a cylinder, coaxially positioned with the detector, is given by 

 𝐹% = 	
&7

43pV'ë
 ,           (3) 

where µ is the linear attenuation coefficient (cm-1), µ/ρ is the total mass attenuation coefficient (cm2/g) for the compounds 
used, which are taken from the NIST [1] database, ρ is the density of sample (g/cm3) and x is the sample thickness (in 
cm). 

  



2nd International Conference on Theoretical and Experimental Studies in Nuclear Applications and Technology 

 
TESNAT 2016               Hatay, Turkey 85 

Table 1. Nuclear data for the isotopes, true coincidence summing correction and self-attenuation factors for the measured gamma-rays. 
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197Au 
(100%) 

197Au(n,γ)198

Au 
0.992 5.65±0.40 2.272 

(16) d 
411.802 
(17) 

95.62 0.9986 1.0005 0.999e 0.922e 

193Ir 
(62.7%) 

193Ir(n,γ)194Ir 1.000 2.21±0.2 19.28 
(13) h 

328.448 
(14) 

13.1(17) 0.9315 1.0095 0.999d 0.993 

a De Corte and Simonits (2003) [16]. 
b NUDAT 2.6 [13]. 
c Self-attenuation calculated using mass attenuation coefficients taken from NIST [1] 
d Calculated by Nisle’ approximation, including neutron scattering effects [7] (Gilat and Gurfinkel, 1963). 
e Calculated by approximation given in [8, 9] 
f True coincidence summing correction factors calculated by using GESPECOR Ver. 4.2 software [15] for the present detector-source geometry. 

Resonance integral cross-section determination 

In an ideal 1/E epithermal neutron spectrum, the resonance integral cross-section, I0, including 1/v tail of thermal neutron 
spectrum, tabulated in literature is defined by the following relation: 

 𝐼i 	= 	
È(©)
©
	𝑑𝐸¨

©óô
,          (4) 

where σ(E) is the cross section as a function of energy E and ECd is the cadmium cut-off energy. It has been shown by [2] 
that the resonance integral definition I0 according to Eq. (4) is not valid in a non-ideal, real epithermal neutron spectrum 
and that such a deviating epithermal neutron fluence distribution can be in most cases approximated by Φe(E) ≈ 1/E1+α, 
which is epithermal neutron fluence rate. Accordingly, a resonance integral I0(α) replaced by Eq. (4) for a 1=E1+α real 
epithermal neutron spectrum is defined as [2,3] 

 𝐼i 𝛼 = 	 È © 	 4	p) *

©W+*
¨
©óô

𝑑𝐸,         (5) 

where I0(α) is the resonance integral, which should be used in the calculation of the epithermal activation in a particular 
irradiation position, characterized by α; and the term (1 eV)α ≡ 1 is omitted. 

 

Fig. 1. Cross section versus incident neutron energy for 193Ir. 

It has also been shown by [2] that the relationship between I0, as tabulated in the literature, and I0(α) for the conversion 
is given by 

1.E-02 

1.E-01 

1.E+00 

1.E+01 

1.E+02 

1.E+03 

1.E+04 

1.E-11 1.E-10 1.E-09 1.E-08 1.E-07 1.E-06 1.E-05 1.E-04 1.E-03 

Cr
os
s	S

ec
tio

n	
(b
ar
ns
)

Incident	Energy	(MeV)



2nd International Conference on Theoretical and Experimental Studies in Nuclear Applications and Technology 

 
TESNAT 2016               Hatay, Turkey 86 

  𝐼i 𝛼 = 	 1	𝑒𝑉 { 	 ±¬3i.¦:ÙÈ¬
©ö * + i.¦:ÙÈ¬

:{z4 ©óô * ,      (6) 

where the term (I0 – 0.429σ0) represents the reduced resonance integral, i.e. with the 1/v tail subtracted. Eq. (6) is only 
valid for ECd = 0.55 eV, since 0.429 = 2(E0/ECd)1/2 with E0 = 0.0253 eV and ECd = 0.55 eV. 

The measured I0(α) value for the 193Ir(n,γ) reaction has been determined relative to that for the 197Au(n,γ) reaction as a 
standard by the following relation: 

  𝐼i 𝛼 7 = 	 𝐼i 𝛼 xs 	
È¬,ë
È¬,f÷

	 ñ34 f÷
ñ34 ë

	
øýüÔ
øùú xs

øýüÔ
øùú 7

      (7) 

In the determination of the resonance integral I0(α) for any isotope under study from Eq. (7), the estimated thermal and 
epithermal self-shielding factors, Gth and Gepi, given in Table 1. Then, the obtained I0(α) values were converted to I0 by 
using Eq. (6), 

The cadmium ratio, 𝑅r1 = 	𝐴Aa3 𝐴Aaz  can easily be calculated from the measured specific activities of the isotopes as 

described in our previous studies [4-6]. The thermal self-shielding factors (Gth) used in Eq. (5) for Au and Mo-foils can 
be calculated by the Nisle’s approximation [7]. The epithermal neutron self-shielding factors of Au foils calculated by 
the approximations given in the works of [8] and [9]. However, Gth and Gepi factors for the powder mixtures in the Teflon 
tubes, were calculated using the procedures for the case of the irradiations in an isotopic neutron field [10,11]. This was 
a tedious work carried out taking the nuclear data required such as absorption, scattering, total microscopic cross-sections, 
resonance parameters, etc. from ENDF/B VII [12], and NUDAT 2.6 [13] online libraries. 

Experimental Methods 

The mixture of IrO2 with a sufficient amount of CaCO3 powder was prepared to reduce neutron self-shielding effects. The 
mixtures were stacked in small teflon tubes with a thickness a 1 mm, a radius of 6.5 mm and a height of 6.25 mm. The 
diluted IrO2 samples, and Au and Mo foils were irradiated in two sites of the neutron irradiation unit. The irradiation 
procedure was carried out with two sets of samples. One sample was placed in Cd cylinder box with 1 mm thickness, a 
radius of 13 mm and a height of 20 mm and the second sample was not placed in such a box. The masses of Au and Mo 
foils vary between 0.09 and 0.13 g. The samples were always kept at a fixed position during neutron exposure to maintain 
the same Cd-ratio value while the irradiation process was repeated with use of another set of the foils. 

The irradiation unit, details can be found in [14], consists of 37 GBq 241Am-Be neutron source at the center of a water 
tank surrounded by paraffin and a mixture of paraffin and boron oxide. Fig. 2 shows a schematic view of the experimental 
set-up used for the work. In order to shield the gamma rays from the source and the surrounding materials, Chevron type 
(zig-zag) lead bricks are put up a wall with thickness of 15 cm thickness around the wooden box. From point of the 
radiation protection, the whole neutron irradiation unit was installed in a room behind the laboratory, and licensed by 
Turkish Atomic Energy Authority according to the permissible dose limits. 

The source is positioned in a fixed position between two irradiation channels. One of them is called Site #1 with a 
pneumatic or “rabbit” sample transfer system. The other is called Site #2 having a location for manual control. In the Site 
#1 channel, the pneumatic transfer system is delivered by air-compressor using of rubber hoses. The lids of the capsules 
are tapered enough to move in the plastic hose via compressed air without any difficulty. The rabbit transfer capsules for 
the pneumatic tube irradiations are made of polyethylene and the shape of the rabbit is also shown in Fig. 3 in which the 
physical dimensions are given in millimeters. The rabbit sample transfer system is controlled manually by means of a 
control switch in the laboratory. Additionally, for manual use a strength plastic pipe with a 117.5 cm height and 5.2 cm 
diameter is placed and fixed near by the 241Am-Be neutron source in water tank. The bottom end of the pipe is sealed for 
water-proof. Depending on the intended purpose, any sample is irradiated at a desired height when it is sent from top to 
bottom end of the plastic pipe by means of a guided locator. 
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Fig 2. A schematic view of the neutron irradiation unit with a 37 GBq 241Am-Be source [14]. 

 

Fig. 3. A schematic arrangement of a 241Am-Be neutron source and a pneumatic irradiation site. 

The Cd-ratios of Au and Mo foils were used to determine the α-shape parameters of the epithermal neutron spectrum 
distribution obtained from irradiation site #1 and #2. From our previous work [14], the neutron flux characterization 
parameters: epithermal neutron spectrum shape factor, α and thermal-to-epithermal flux ratio, f were found to be 
α=0.045±0.009 and f = 63.6 ± 1.5 for the pneumatically driven irradiation position at site #1; α = 0.038 ± 0.008 and 
f=50.9±1.3 for the manual use position at site #2. 

A p-type HPGe well detector (Canberra, GCW4023) with a 44.8% relative efficiency was used for recording the gamma-
ray spectra. The resolution of detector is ≈2 keV at 1332.5 keV for 60Co source. The radius and depth of well are 23 mm 
and 35 mm, respectively. The electronic system for data collection consists of a spectroscopy amplifier (Canberra 2025) 
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and a 14 bit ADC/MCA analyzer (Canberra Multiport II) with suitable gains setting to cover the required energy range. 

A GESPECOR® (Ver 4.2) software based on a Monte Carlo simulation [15] was used to calculate the full-energy peak 
detection efficiency (εp). Background subtraction was always considered for the individual sample spectra. The evaluation 
of the net counts in the peaks of interest was evaluated by using Genie-2000 software and also checked by manual 
calculations. For the present counting geometry, gamma-ray self-absorption (Fs) and true coincidence summing (Fcoi) 
effects were computed by the GESPECOR® (Ver 4.2) software. Self-absorption correction factors Fs were calculated 
using mass attenuation coefficients taken from NIST [1]. 

Result and discussion 

The cross section (σ0) and resonance integral cross section (I0) for the 193Ir(n,γ) reaction have been determined relative to 
that for the 197Au(n,γ) reaction, using the reaction rates of 194Ir and 198Au with and without Cd. For the monitor reaction, 
the reference values σ0,Au = 98,65±0.09 b and I0,Au = 1550±28 [16] are used in this work.  

Table 2. Typical uncertainty budget for the thermal neutron cross section measurement. 

Uncertainties due to Uncertainties (%) 
193Ir(n,γ)194Ir 197Au(n,γ)198Au 

Peak area uncertaintya 0.30 0.34 
Detection efficiency 0.55 0.60 
Mass of sample 0.01 0.01 
Isotopic abundance 2 - 
Half-life 0.7 0.01 
Gamma-ray emission probability 1.3 0.06 
Thermal neutron self-shielding factor 1 1 
g (20 0C) – Westcott factor 0.1 0.1 
Monitor thermal neutron cross section  0.09 
Total uncertainty 2.75 1.22 

a Peak area uncertainties are based on counting statistics of ±1.65σ. 

Table 3. Typical uncertainty budget for the resonance integral cross section measurement. 

Uncertainties due to (xj) Relative 
uncertainty, 
sj (%) 

Error 
propagation 
factor, Z(xj) 

Relative uncertainty on 
the resonance integral 
value, sj x Z(xj) (%) 

α-shape parameter 20.0 0.04 0.82 
Cadmium cut-off energy 15.0 0,04 0.6 
Cadmium ratio of 197Au 1.28 1.14 1.46 
Cadmium ratio of 193Ir 3.8 1.11 4.23 
Thermal neutron self-shielding factor for Au foil 0.1 1.00 0.10 
Thermal neutron self-shielding factor for Ir sample 0.5 1.00 0.50 
Epithermal neutron self-shielding factor for Au foil 0.2 1.00 0.20 
Epithermal neutron self-shielding factor for Ir sample 2.0 1.00 2.00 
Reference resonance integral cross-section of 197Au 1.8 1.11 2.00 
Reference thermal neutron cross section of 197Au 0.01 1.11 0.01 
Reference thermal neutron cross section of 193Ir 4.5 1.00 4.50 
g (20 0C) – Westcott factor of 197Au 0.1 2.58 0.26 
g (20 0C) – Westcott factor of 193Ir 0.1 1.00 0.10 
Effective resonance energy of 197Au  7.1 0.04 0.31 
Effective resonance energy of 193Ir 9.0 0.04 0.39 
Total uncertainty, ST (%)   7.04 

 

Table 4. Thermal neutron cross-section and resonance integral cross-section for 193Ir(n,γ)194Ir reaction 

Year References Thermal neutron cross-section, σ0 (b) Resonance integral Cross-section, I0 (b) 
2016 This work 107.11 ± 4.13 1307.36 ± 92.04 
2010 BNL Report [18] 111 ± 5 1350 ± 100 
2006 Mughabghab [19] 111.1 1374 
1995 JEFF-3.1 [20] 112 1373 
1992 Masyanov et al. [21] 85 - 
1966 Drake [22] - 1370 
1950 Harris et al. [23] 93 1337 
1947 Seren et al. [24] 128 - 

 

In the I0 determination, the effective cadmium cut-off energy is set at 0.55 eV for a detector, having a σ(v) ~ 1/v cross 
section for the (n,γ) up to 1-2 eV, irradiated in an isotropic neutron flux as a small sample in a cylindrical Cd box 
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(height/diameter≈2) with a wall thickness of 1 mm [17]. Nuclear data used for the radioactivity measurements are given 
in Table 1.  

The σ0 value for the 193Ir(n,γ) reaction has been found to be σ0 = 107.11 ± 4.13 b and given in Table 4, together with other 
literature values. The present result, in general, is in good agreement (close to with in %3.6) with the recent evaluated 
values of [18,19] and JEFF 3.1, but disagrees with the measurements of [21-23] by 13.2-20.6%. 

The present I0 value for the 193Ir(n,γ) reaction has been found to be I0 = 1307.36±92.04 b and is given in Table 4, together 
with other results appeared in literature. The present I0 value is in agreement with evaluated and earlier measured values 
in the limits of the error.  
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Abstract 

The aim of this study is to measure the gamma energy transition and half-life of the iridium isotope 192Ir by the (g,n) 
photonuclear reaction. The high–energy bremsstrahlung photons are produced by using a clinic electron accelerator. In 
order to observe the decay of the irradiated target, a high-purity germanium (HPGe) detector is used. The obtained values 
are compared to the other results in the literature.  

Introduction 

A photonuclear reaction occurs with the interaction between a photon and a target nucleus. The high-energy gamma ray 
photons are completely or partially absorbed by the nucleus and force it into an excited state in the process of the 
photonuclear reaction. In this case, it can radiate any particle (n, p, etc.) from the excited state depending on the separation 
energy and decay to the other element. At the same time, it emits characteristics gamma-ray photon due to the radioactive 
nucleus. Detecting this radiation enable us to get information about characteristic properties of the nucleus such as electric 
and magnetic dipole strength, angular distribution, spin and so on. Furthermore, there are many applications of the 
photoactivation technique in elemental analysis [1,2]. In this context, the study of photon-induced nuclear experiments 
involving linear accelerators has been of interest in the past decades [3-4].  

The energy level and half-life of a nucleus play an important role in the understanding of the fundamental nuclear 
structure. These specific parameters for each nucleus are observed by exposing the selected target with particles such as 
neutron, proton and alpha or gamma-rays to determine them experimentally.  

Worldwide 192Ir is very common radioisotope performed in the treatment of cancer patients. In particular, it uses a half-
life of 192Ir isotope to estimate the source activity in the most of high dose rate (HDR) brachytherapy treatment planning 
systems [5].  

The objective of this paper is following: (1) to estimate the energy levels and half-lives of natural iridium isotope induced 
by 18 MeV bremsstrahlung photons, (2) to best illustrate the potential of a clinical linear accelerator (cLINAC) carried 
out with different endpoint energies in experimental nuclear physics. In the next section, we present the experimental 
method and data analysis. Section 3 presents the results of experimental measurements and section 4 is devoted to 
summary and conclusion. 

Experiment 

In this study, the target sample consist of highly enriched (99.9%) Ir metal foil with a thickness of 0.25 mm. Target was 
irradiated by photons generated by clinical electron linear accelerator (cLINAC) at Akdeniz University, Nuclear Science 
Application and Research Center [6-7]. The target was placed at 58 cm in distance from the photon source as given in 
Fig. 1 and was irradiated for nearly 1 hour by bremsstrahlung photons with end-point energy of 18 MeV. Following 
photon irradiation, high purity germanium detectors (HpGe) based on a gamma-ray spectrometer [AMATEK-ORTEC 
(GEM40P4-83)] were used for gamma ray measurements of the radioactive sample. The detector has a resolution of 768-
eV full width at half maximum (FWHM) at 122 keV for 57Co and 1.85-keV FWHM at 1332 keV for 60Co with a relative 
efficiency of 40 % [8]. The energy calibration of the spectrometer is also achieved by using different point sources (60Co, 
54Mn, 57Co, 24Na, 137Cs, and 133Ba) before running the experiment. The irradiated target was counted for about 75 hours. 
A typical gamma spectrum is shown in Fig. 2. The obtained spectra are analyzed by the gf3 Radware gamma spectroscopy 
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software after data acquisition [9].  

 

Fig. 1. Schematic illustration of LINAC [6] 

Data Analysis and Results  

Fig. 2 represents the gamma spectrum of 192Ir isotope counted by the HpGe detector. Some peaks of radionuclide 
observations by (g,n) photonuclear reaction are defined in Fig. 2. Analyzing the data of 193Ir(g,n) photonuclear reaction, 
the obtained energy levels are given in Table 1 and compared to the literature data [10]. Our experimental results are in a 
good agreement with previous studies. Nevertheless, in order to get more accurate systematic errors, it needs to use a new 
method.  

On the other hand, the calculations of the half-life generally have involved the measurement and the fit to the activity of 
the decay. However, the only way for us to determine the activity is to find the numerical derivative of the counts so using 
counts directly was more practical and preferable. This issue is easily understandable in the light of error propagation 
from counts to activity since the errors of the count will add up in the case of activity leading to very large error bars. To 

prevent this issue, the counts can be fit directly. Hence, instead of using the general activity formula teAtA l-= 0)( , we 

used the integral of the activity formula to fit the counts (see the equation below) [5]: 

ò --==
T

t
o eCdttATC

0

)1()()( l  

where l.00 AC =  and T is the counting time. The obtained half-lives exploiting the above function are given in Table 

1. The measured results are not nearly as good. The main reason of this problem is due to the low count time on the 
detector.  

Table 1. Comparison of energy levels and half-lives of 192Ir [10] 

Nucleus E (keV) s NUDAT (keV) sE T1/2 T1/2 
192Ir 205.7860  0.0200 205.7943 0.0009 86.4034  73.829  
192Ir 282.8469  0.0069 283.2668 0.0008 58.4669  73.829  
192Ir 420.2242  0.0127 420.51 0.06 108.8978  73.829  
192Ir 484.1973  0.0030 484.5751 0.0004 87.4321  73.829  
192Ir 490.1286  0.0055 489.06 0.03 51.9613  73.829  
192Ir 704.1506  0.0264 703.78 0.19 75.8154  73.829  
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Fig. 2. The gamma spectrum of 192Ir isotope 

Conclusion and Summary 

The present work represented the 193Ir(g,n) photonuclear reaction was taken place by using the high-energy 
bremmstrahlung photons. Consequently, several energy levels of 192Ir isotopes were observed. These energy transitions 
were in a good agreement with previous studies. However, the counting time needs to be longer to achieve better result 
for the half-lives of the iridium isotope. Additionally, the interesting point in this experiment is the test study of the 
applicability of a cLINAC in nuclear physics. 
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Abstract  

Many experimental methods have been developed to detect and obtain the existence of the charged particles and neutrons 
which also used to measure the cross sections of these particles for different particle induced reactions with different 
energies. In this presented study, with the usage of pre-equilibrium and equilibrium nuclear reaction models that exists in 
the calculation codes; the α, d, p and t emission spectra for (n,xα), (n,xd), (n,xp) and (n,xt) reactions with incident neutron 
at 96 MeV energy on the 208Pb target have been investigated. 

Introduction 

For the radioactive isotope production amount evaluation that originated inside the spallation targets which could be Pb, 
W, Bi etc. in the form of either liquid or solid, the accelerator-driven system (ADS) design must have the knowledge of 
nuclide production cross section information [1]. The exist models estimation for the cross sections of the residue 
production is still away from the appropriate achievement criteria for requested technical purposes. One of these specified 
fields where ADS’s are involved is the production of neutrons via spallation reactions. Due to the noticeable activity of 
them in the technical applications, the neutron production in spallation neutron source via ADS has recently gained an 
enormous significance. The ADS may also be used for neutron production with spallation neutron sources in addition to 
their ability of usage in accelerator-driven subcritical reactors with the capability of generating energy by igniting the 
nuclear waste [2]. The energy of the ions and neutrons that interact with materials which additionally used for nuclear 
waste altering and/or energy production from fission process will beyond 20 MeV that is also known as the topmost limit 
obtained from the data produced for D-T fusion applications [3]. 

There have been many experimental approaches which have been developed to detect and obtain the presence of the 
charged particles and neutrons also to measure the cross sections of them for different particle induced reactions with 
different energies. These obtained empirical cross section values which were used to fit and alter the calculated excitation 
functions for neutron induced reactions are available in EXFOR database [4,5]. 

In this presented study, with the usage of pre-equilibrium and equilibrium nuclear reaction models that exists in the 
calculation codes TALYS 1.6 [6] and ALICE/ASH [7]; the α, d, p and t emission spectra for (n,xα), (n,xd), (n,xp) and 
(n,xt) reactions with incident neutron at 96 MeV energy on the 208Pb target have been investigated. For pre-equilibrium 
calculations; Two-Component Exciton (TCE) model [8] of TALYS 1.6 and Geometry Dependent Hybrid (GDH) [9] 
model of ALICE/ASH have been used while Equilibrium and Weisskopf-Ewing [10] models have been used for 
equilibrium reaction calculations which exists in TALYS 1.6 and ALICE/ASH codes respectively. The comparisons of 
the calculations have been done with the experimental data which has been taken from EXFOR database.  

Methods  

In this presented study, two computation codes have been employed which are known as ALICE/ASH and TALYS. 
ALICE/ASH code is the improved and updated version of the previous code known as ALICE [11]. This code’s accuracy 
have been proved for up to 300 MeV incident n, p, t, d, 3He and α particles with many studies which are also exist in the 
literature. Unfortunately; beside the energy limitation, ALICE/ASH’s other lack is its inability of performing calculations 
for γ induced reactions. Unlike ALICE/ASH code, TALYS can make calculations and analysis for γ, n, p, t, d, 3He and α 
particle induced reactions. The acceptable energy interval of incident particles in TALYS code is between 1 keV and 1 
GeV. 
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The code ALICE/ASH is built on some nuclear calculation models like hybrid, geometry dependent hybrid, pre-
compound decay and evaporation Weisskopf-Ewing which gives it the flexibility for usage in various calculations such 
as the excitation function calculation and the calculation of secondary particles energy and angular distribution.  

In addition to ALICE/ASH; TALYS is one of the other most used code for different theoretical calculations due to the 
nuclear calculation models that exist in it such as the optical, direct, pre-equilibrium, fission and statistical nuclear reaction 
model which differently provides the prevision of all possible reaction channels in a single calculation pattern. Ability of 
adjustment for many parameters like γ-strength functions, nuclear level densities and other nuclear model parameters is 
one of the already included property of TALYS 1.6 code [6].  

The pre-equilibrium reactions were examined by the TCE model exist in the TALYS which is the default model for pre-
equilibrium calculations and proposed by Kalbach [8] and GDH model exist in the ALICE/ASH codes. In TCE model, 
the neutron and proton type of the created particles and holes is explicitly followed throughout the reaction while the 
GDH model is the updated version of hybrid model whereof its mathematical equations were given by Blann and Vonach 
[9]. 

On the other side; for equilibrium calculations, Weisskopf-Ewing model from ALICE/ASH has been employed while 
Equilibrium model’s usage in TALYS calculations. Equilibrium exciton number is taken equal to, as was suggested by 
F. C. Williams, [12]. Single particle level density parameter g is equal to A/13 in the exciton model calculation, where A 
is the mass number and E is the excitation energy of the compound nucleus. In the calculations of pre-equilibrium model, 
the hybrid model and the geometry dependent hybrid model use the initial exciton number as n0=3 (1 proton, 1 neutron 
and 1 hole). This model requires the initial proton (p) and neutron (n) exciton numbers. A detailed description of the 
ALICE/ASH can be found in Ref [7].  

Results & Discussions 

In the present study, by using pre-equilibrium and equilibrium reaction mechanisms, the (n,xα), (n,xd), (n,xp) and (n,xt) 
reactions emission spectra for 208Pb was investigated for 96 MeV incident neutron energy in Figs. 1–4. EXFOR database 
is the source of all experimental data used in this study for comparisons. 

The calculate emission spectra of 208Pb target nucleus for (n,xα) reaction at 96 MeV neutron incident energy have been 
compared with the experimental values in Fig. 1. Two-Component Exciton models and ALICE/ASH Geometry 
Dependent models calculations are in good agreement with experimental data up to 30 MeV alpha emission energy. 

  

Fig. 1. Comparison of calculated and experimental values of (n,xα) 
reaction with 96 MeV incident neutron energy on 208Pb target 
nucleus 

Fig. 2. Comparison of calculated and experimental values of (n,xd) 
reaction with 96 MeV incident neutron energy on 208Pb target 
nucleus 

208Pb(n,xd) reaction calculations at 96 MeV neutron incident energy have been compared with the experimental data in 
Fig. 2. Experimental values are higher than TALYS 1.6 Two-Component Exciton models and ALICE/ASH Geometry 
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Dependent models. TALYS 1.6 Two-Component Exciton models calculations are given value of zero after 90 MeV 
neutron emission energy. 

208Pb(n,xp) reaction calculations at 96 MeV neutron incident energy have been compared with the experimental data in 
Fig. 3. Experimental values are higher than TALYS 1.6 Two-Component Exciton models. ALICE/ASH Geometry 
Dependent models is harmony with the experimental data but this model is higher than the experimental values. TALYS 
1.6 Two-Component Exciton models calculations are given value of zero after 90 MeV neutron emission energy. 

The calculate emission spectra of 208Pb target nucleus for (n,xt) reaction at 96 MeV neutron incident energy have been 
compared with the experimental values in Fig. 4. All theoretical model calculations are not in agreement with the 
experimental data but, TALYS 1.6 Two–Component Exciton models calculations are in agreement with the experimental 
data up to 50 MeV triton emission energy. 

In general Figs. 1-3 show that TALYS 1.6 Two-Component Exciton models and ALICE/ASH Geometry Dependent 
models calculations exhibit a similar structure with all experimental data. TALYS 1.6 Equilibrium and ALICE/ASH 
Weisskopf-Ewing models have been used for the equilibrium reactions. Equilibrium calculations are not in agreement 
with the experimental data. Above 20 MeV, the Weisskopf-Ewing model cannot correctly calculate emission spectra. In 
fact all the calculation parameters are changed because of the fact that the equilibrium calculations with Weisskopf-Ewing 
model don’t include angular momentum effects.  

  

Fig. 3. Comparison of calculated and experimental values of (n,xp) 
reaction with 96 MeV incident neutron energy on 208Pb target 
nucleus 

Fig. 4. Comparison of calculated and experimental values of (n,xt) 
reaction with 96 MeV incident neutron energy on 208Pb target 
nucleus 
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Abstract 

In this study, the gross alpha and beta radioactivity levels of 23 different granite samples was determined. The gross α 
and gross β activities were counted by using α/β counter of the multi-detector low background system (PIC-MPC-9604). 
The gross alpha and gross beta concentrations ranging from 0.092±0.061 to 25.834±15.928 Bq/g and from 0.448±0.168 
to 16.310 ± 7.492 Bq/g, respectively, were observed in the granite samples.  

Introduction 

Natural environmental radioactivity and associated external exposure due to gamma radiation depend primarily on the 
geological and geographical conditions, and appear at different levels in the soils of each region in the world. The specific 
levels of terrestrial environmental radiation are related to the geological composition of each lithologically separated area, 
and to the content in 238U, 232Th and 40K of the rock from which soils originate in each area [1-5]. 

Natural radionuclide such as 238U, 232Th and 40K in soil cause the soil to be radiation contaminated. They are usually found 
in high concentrations in volcanic rocks (especially in granite), pegmatites and hydrothermal accumulations [6-8]. Since 
the water always interacts with its surroundings there is a high probability of radionuclide existing in soil to be passing 
through the rocks into the waters [9,10]. 

Granite's durability and decorative appearance make it a popular building material in homes and buildings. Any type of 
rock could contain naturally occurring radioactive elements like radium, uranium and thorium. Some pieces of granite 
containmore of these elements than others, depending on the composition of the molten rock from which they formed. 
Geologists provide an explanation of this behavior in the course of partial melting and fractional crystallization of magma, 
which enables U and Th to be concentrated in the liquid phase and become incorporated into the more silicarich products. 
For that reason, igneous rocks of granitic composition are strongly enriched in U and Th (on an average 5 ppm of U and 
15 ppm of Th), compared to the Earth's crust (average 1.8 ppm for U and 7.2 ppm for Th) [11], the upper continental 
crust (average 2.7 ppm for U and 10.5 ppm for Th) [12] and rocks of basaltic or ultramafic composition (0.1 ppm of U 
and 0.2 ppm of Th) [13-15]. 

Meterial and Method 

The granite samples were collected and put in vacuum plastic bags directly after collection to prevent them from 
atmospheric humidity, and once arrived in the lab, the samples are taken from the bags to dry in the air at room temperature 
for several days. Then, granite samples were dried in an oven at 80°C for 12 h and grinded with mill. The samples were 
sieved through a stainless steel sieve (75 µm) and reduced to a powder. About 400 mg of powdered sample of each sample 
was transferred into a 2-in. diameter stainless steel planchette. Distilled water was used to evenly spread the granite 
samples on the planchette. Finally, all samples were counted for gross-alpha and gross-beta activity concentrations by 
nuclear spectroscopic system which contains a gas-flow proportional counter (PIC-MPC 9604, UK). The counting time 
was 600 min for gross alpha and gross beta, respectively, by four independent detectors in the system, simultaneously 
[16]. Each sample was counted for three times in row and the results were given in arithmetic mean with the statistical 
errors [17,18]. If net activity concentration is less than calculated uncertainty, this is called not detected (ND) or under 
detection limit [19]. 
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Results and Discussion 

The gross alpha and beta radioactivity concentrations in granite samples are presented in Table 1 and Fig. 1, respectively. 
As shown in the Table 1, the gross alpha radioactivity concentrations in granites varies between 0.09 ± 0.06 Bq/g (G15) 
and 25.83 ± 15.93 Bq/g (G8) and the gross beta radioactivity concentrations varies between 0.45 ± 0.17 Bq/g (G12) and 
18.18 ± 8.35 Bq/g (G7). As shown in the Fig. 1; 65.22 % of the granite samples have higher the gross beta radioactivity 
than the gross alpha radioactivity.  

Table 1. The gross alpha and the gross beta radioactivity concentration of the granite samples. 

 Gross Alpha 
(Bq/g) 

Gross Beta 
(Bq/g) 

 Gross Alpha 
(Bq/g) 

Gross Beta 
(Bq/g) 

G1 5.33±3.16 16.22±7.45 G13 0.50±0.30 1.05±0.49 
G2 2.59±1.60 11.19±5.14 G14 2.80±1.66 11.53±5.30 
G3 1.66±0.99 8.02±3.68 G15 0.09±0.06 UDL 
G4 12.88±7.94 3.93±1.82 G16 8.29±4.91 14.54±6.68 
G5 1.58±0.93 1.71±0.64 G17 1.60±0.99 1.81±0.84 
G6 3.83±2.36 9.36±4.30 G18 2.22±1.32 11.38±5.23 
G7 8.94±5.30 18.18±8.35 G19 4.52±2.79 12.20±5.61 
G8 25.83±15.93 UDL G20 5.40±3.20 15.04±6.91 
G9 22.94±14.14 UDL G21 2.66±1.64 11.51±5.29 
G10 9.27±5.42 2.00±0.74 G22 8.13±4.81 16.31±7.49 
G11 13.23±8.16 12.26±5.64 G23 1.52±0.94 UDL 
G12 0.51±0.30 0.45±0.17 UDL: Under detection limit 

 

 

Fig. 1. The gross alpha (○)and the gross beta (¤) radioactivity concentration of the granite samples. 

The beta emitters 129I and 131I taken inside the body through inhaled air and renewed food, drinking water are found in 
soil and rock. The gross alpha radioactivity concentration in soil samples is defined as the total radioactivity of all alpha 
emitters. The values of gross alpha radioactivity originating from these alpha emitters in soil samples depend on the 
geological characteristic of the area, content of mineral component and the type of activities in the area. Alpha emitters 
mixed to ground water by filtering from soil have contributed to the increased concentrations of gross alpha in well water 
samples. The gross beta radioactivity in soil is due to the natural long-lived isotopes 40K, 210Pb and 228Ra [20-25]. The 
gross alpha and beta radioactivity concentrations in different soil samples are presented in Table 2. The data obtained in 
this study are higher than the data obtained in other studies. 
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Table 2. Comparison of gross alpha and gross beta radioactivities in soil sample [26, 27]. 

Country Type of soil Gross alpha (Bq g-1).10-3 Gross beta (Bq g-1). 10-3 
Rajasthan (India) Surface 175-2260  
Serbia Power Plant Area 66.7-102.4 285.7-607.4 
Nigeria Oil producing fields 152.11-322 311.15-615.5 

Chemical fertilizers  
1. Single super phosphate 60.0-100.0 1340.0-1440.0 
2. NPK 20.0-90.0 2410.0-4560.0 
Agricultural farm soils  
1. North 8.0-40.00 360.0-570.0 
2. South 10.00-20.00 200.0-230.0 

Malaysia Ground Soils 15-9634 142-6173 
Elazığ (Turkey) In fault zone (Average) 0.471 0.276 
Present Study Granite Soils 6.36 x 103 8.95 x 103 

 

Conclusions 

Natural soil, water and vegetables are not completely free from radioactive isotopes due to the presence of beta and alpha 
emitters from the natural decay series of uranium, thorium and actinium and other single isotopes such as 40K. The main 
alpha emitters are 238U, 234U, 232Th, 226Ra and 210Po and the main beta emitters are 40K, 228Ra, 210Pb that can be present in 
environmental samples in different concentrations [26]. 

From this study it is observed that the gross beta activity is higher than the gross alpha activity in the collected granite 
samples from different locations. In this study, the average of gross radioactivity alpha concentration was founded 6.36 
± 3.86 Bq/g and the average gross beta radioactivity concentration was founded 8.95 ± 4.30 Bq/g. In this study, obtained 
the gross alpha - beta values were higher than those obtained in similar studies previously [10,28,29]. Finding the high 
value in this study compared to other studies can be explained by the general geological structure of the collection region 
of granite. 
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The Effects of Different Pattern Doped Horasan to Radiation Shielding  

S. OZAVCI, B. CETIN 

Amasya University, Sciences & Arts Faculty, Amasya, Turkey, 

Abstract 

Ancient Greek, Roman and subsequent periods obtained using lime mortar in the period between the presence of cement 
and plaster were used in the construction of buildings. Lime or mortar in order to improve the properties of organic and 
inorganic substances are known to participate in. The properties of materials used in the grout affects the absorption 
coefficient of the radiation. In this study, gamma-ray attenuation coefficient of standard cement concrete has been 
investigated for seven different patterns and the doped horasan molds. 

Introduction 

Radiation; is the energy emitted by the energy packs called wave, particle, or photon [6]. Radiation has somatic or genetic 
influences on organs and tissues. Radiation to avoid the effects of, the three main factor is time, distance and shielding 
should be used [1]. Shielding most important in these methods. For this reason, new shielding are search important. In 
this study, attenuation coefficient of gamma rays has been investigated for concretes containing different pattern doped 
horasan. Radiation shielding property of concrete moulds linear attenuation coefficient µ (cm-1) were evaluated. 

 Fig. 1. Absorbation of x and gama rays 

X and gamma rays energies changes with depending on the atomic number of the interacting material [6]. Absorption 
coefficient (cm-1), by definition, per unit path length is defined as the probability of interaction of radiation with the 
material [5]. 

Methodology of Research 

This study was carried out in the Nuclear Physics Laboratory at the University of Amasya. The effects of different pattern 
doped horasan, mold availability was investigated as a material for shielding. 

Table 1. Mixture into horasan components 
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The properties of the materials used in the concrete, affect the radiation affects the absorption coefficient. For this reason, 
in this study, attenuation coefficient of gamma rays has been investigated for concretes containing different pattern doped 
horasan.  

Ingredients was measured with weighing precision when preparing concrete. Fig. 2 different pattern doped horasan 
samples were performes. 

 Fig. 2. Horasan samples prepared 

The utilized radiation sources comprised 137Cs and 60Co radioactive elements with photon energies of 662keV for 137Cs 
and two energy levels of 1173 keV and 1332 keV for 60Co. The measurements have been performed using a gamma 
spectrometer which contains 3”x3” NaI(Tl) detector. Analysis of the resulting spectra was performed using MAESTRO 

Software Version 7.01. 𝜇 = 4
7
𝐼𝑛 ±¬

±
 Beer-Lambert equation using the absorption coefficient µ(cm-1) are calculated and the 

results were transferred to a chart with the gamma energies. 

X is the thickness of the mold made with a mixture of different pattern doped horasan samples, I0 peak areas measurements 
in the absence of samples between the source and the detector, I peak areas measurements shows samples while there 
between the source and the detector. When taken with vernier Caliper x-values, peak areas are calculated using the 
maestro software version 7.01. 

Radiation shielding property of moulds linear attenuation coefficient µ (cm-1) were evaluated. Absorption coefficient µ 
(cm-1) values were calculated for each horasan material, radiation attenuation characteristics were compared. 

Results and Discussion 

The results of the measurement of linear attenuation coefficient 

Interaction results pattern horasan with radiation Fig. 3, Fig. 4 and Fig. 5 while, a comparison of N1 with pattern N8 
cement classic doped samples are reviewed Fig. 6. 

  

Fig. 3. Fig. 4. 

When we look at Fig. 4 eat, N4 and N2 of the absorption coefficient near has at 662 keV at other energies it is seen that 
the absorption coefficient is highest in N4. N5 has a low absorption coefficient at all energies. 
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Fig. 5. Fig. 6. 

Fig. 5, N6 and N7 samples showed close to each other for all energy absorbing properties, they have a low absorption 
coefficient N6 and N7 between all samples, we can say that at 662keV. 

The N8, cement, aggrega and concrete additive classical a pattern in Fig. 6. Horasan N1 mold is the one of the examples, 
which gave the best results in all experiments. N8's absorption coefficient on Fig. 6, high at 662 keV, fallen at 1173 keV. 
N1 has high absorption coefficient at 1173 keV, N8 has seen the highest absorption coefficient at 662 keV that while. 

Conclusions 

According the measurement result to the N1 pattern doped horasan has the best absorption coefficient. Pattern doped 
horasan N1 has 1173 keV energy high absorption coefficient. Radiation shielding, lime and horasan patterns with different 
additives can be used. Limeis lighter than cement the mold. Pattern horasan producible as lighter armor materials 
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Abstract 

The main purpose of nuclear medicine is diagnosis of diseases. Radiopharmaceuticals are used for a nuclear medicine 
imagining. These radiopharmaceuticals are usually introduced into patient’s body by injection. Radionuclide part of 
radiopharmaceuticals emits gamma radiation. And then, this radiation is detected by a Gamma Camera or Single Photon 
Emission Tomography (SPECT). Thus abnormal metabolic activities are determined in target organs. SPECT which is a 
type of Gamma Camera is a three-dimensional tomographic imagining system. SPECT provides metabolic imagining. To 
merge anatomic images with SPET images, a Computed Tomography (CT) is added to SPECT device.  Resultant device 
consist of a combination of Gamma Camera and CT called as SPECT-CT device. Image quality of a device is strictly 
dependent on quality control tests. Image quality of these devices is important for accurate diagnosis of a disease. 
Otherwise, image quality problems can lead a hot or cold area on images. This also may lead a misdiagnosis. By means 
of quality control tests, changing in performance of device can be easily detected. In this study periodic quality control 
tests are performed for SPECT-CT and it aimed to investigate correction methods. 

Introduction 

Nuclear medicine is a branch of medicine which usually early diagnoses of numerous diseases. In a routine nuclear 
medicine imaging procedure, radiopharmaceuticals are used. These radiopharmaceuticals are usually introduced into 
patient’s body by injection. Radiopharmaceutical is consist of radionuclide (Technetium-99m, Iodine-131) and 
pharmaceutical. By mean of pharmaceutical, radionuclide reaches to target organ. Radionuclide part of 
radiopharmaceutical emits gamma radiation. This radiation is detected by a gamma camera or SPECT. In a gamma camera 
scan procedure, radiation emerges from patient and passes through the collimator and interacts with a thallium activated 
sodium iodide (NaITl) crystal. Crystals convert gamma rays to light. Scintillation photons are converted into electric 
signals by photon multiplier tubes (PMT) [1]. 

SPECT, which is a type of gamma camera, is a three-dimensional tomographic imaging system and abnormal metabolic 
activities are determined at target organs by using SPECT [2]. A CT scan is created cross- sectional images from patients 
by using x-rays.  SPECT-CT is a combination of CT and gamma camera device. The most important feature of SPECT-
CT device is attenuation correction [3]. Moreover anatomic locations of organs are identified by CT device. SPECT- CT 
quality controls include separately gamma camera, SPECT and CT tests. 

In this study, periodic quality control tests were performed for gamma camera, SPECT, CT, SPECT-CT for GE trademark 
NM/CT 670 model SPECT-CT device in Istanbul University, Faculty of Medicine, and Department of Nuclear Medicine. 
Test results were compared with the Association of Electrical Equipment and Medical Imaging Manufacturers (NEMA) 
standards and we aimed to investigate correction methods. 

Material and Method 

Gamma Camera Quality Control Tests 

The gamma camera image quality is dependent on regular quality control tests. Results of gamma camera quality control 
tests serve as an essential basis for the additional tests that are needed to ensure the performance of SPECT [4]. 
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Visual Inspection Test and Background Activity Test 

Before quality control tests, visual inspection test is performed daily.  Possible mechanic defects on the device must be 
dedected. Background radiation test determines radioactive contamination of the scan room such as radioactive 
contamination on the floor, walls or detector. For ideal quality control test, background levels should be lower than the 
number 250 in 10 seconds. This test should be performed daily.  

Photo peak Energy Test 

In photo peak energy test, photo peak energy must compatible with 99mTc gamma energy. If you are using different 
radionuclide, your gamma camera’s gamma energy must compatible with using radionuclide [4]. Test should be 
performed daily. This test is performed for each dedector without collimator. We used 1 mCi 99mTc point source, placed 
at a distance of five times the length of the camera field of view. 

Intrinsic Homogeneity Test 

The most important factor that affects the gamma camera image quality is homogeneity. Intrinsic homogeneity should be 
checked every day. Test is performed to detect non uniformities due to detector damage and thus test is performed without 
collimators. In this test, we used 1 mCi 99mTc point source, placed at a distance of five times the length of the camera field 
of view. 5 million counts are adequate for daily uniformity test. In order to achieve uniform flood field image, the system 
is first peaked for 99mTc with a 20 % window. This window was centered on the 140 keV photo peak of 99mTc. Test should 
be performed for each detector. Integral Uniformity should be < 5% for 5 million counts for camera following NEMA 
method for calculation. Test results are also evaluated visually. Radioactive distribution should be homogenous for 
acceptable result. Causes of system non-uniformities include: Crystal or collimator defects, PMT imbalance etc. [5]. 

Spatial Resolution and Linearity Test 

Spatial resolution is performed imaging system's ability to detect two closely spaced objects assumed as two equal 
activities. Resolution defects affect homogeneity. Linearity test is related to the linearity of the bar located on phantom. 
[4]. This weekly test is performed using 1 mCi99mTc point source, placed at a distance of five times the length of the 
camera field of view and four-quadrant bar pattern on top of crystal without collimator and a 20 %window is selected. 
Test should be performed for each detector. This test is also evaluated visually. 

SPECT Quality Control Tests 

Center of Rotation (COR) Test 

One of the most important quality control procedures for SPECT is center of rotation (COR). COR test is performed to 
align the observed mechanical center of rotation of gamma camera with the computer image center [6]. Otherwise, it can 
leads to blurring images. Mechanics of rotating gantry, collimator misalignment to detector face are some examples of 
causes for incorrect COR alignment. Errors in COR of as little as 0.5 pixel in a 128 x 128 matrix can lead to degradation 
in image quality. COR is measured by performing a 360 degree acquisition around a point source of 1 mCi99mTc. COR is 
normally a very stable parameter of modern gamma camera systems and a weekly check is adequate [5]. 

SPECT Resolution and Homogeneity Test 

This test checks all SPECT system performance. In this test, we used Jaszczak phantom and it filled with 22.7mCi 99mTc 
and water. Used radioactive source should be homogeneous, thus we shacked this phantom after the injection. Phantom 
waited at hot room in the nuclear medicine department. Then source activity in phantom decreased to 15 mCi. This test 
should be performed for each detector. Thus in 20% selected energy window and in 256x256 matrix, total 60 images, 
namely 60 million counts, are measured. If  Jaszczak phantom’s smallest sphere is observed, test is successful. 
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CT Quality Control Tests 

Mechanical Tests 

Axial Movement Test 

This test is controlled movement of computer tomography table. Gafchromic film is used for scanning. Gafchromic film 
is positioned at head of the patient table. Film is scanned with leaving a gap section. Film is waited roughly 2 hours then 
it examined. Test should be performed every month [7]. 

CT Image Quality Test 

CT Number in Water 

Hounsfield Unit is a normalized index of x-ray attenuation based on a scale of 1000(air) to +1000 (bone), with water 
being 0; used in CT imaging [3]. In this test we used uniform water phantom, 120 kVp and 260 mAs parameters are 
selected for scanning. Phantom’s axial image is scanned. To evaluate test, drawn a field with 100 pixel at the center of 
phantom’s scanned image and this field must be compatible with CT number in water limitation. The CT number for 
water should be in the range of 0 ± 4HU. Test should be performed every month. 

High Contrast Spatial Resolution 

This test measures how the scanner distinguishes between two high contrast objects placed close together, and how small 
an object that can be visualized [7]. A phantom which have linear six bar pattern is used. 120 kVp and 260 mAs parameters 
are selected for axial scanning. If smallest line of phantom is observed, test is successful. 

Results 

Gamma Camera Quality Control Results 

Before quality control tests, we examined SPECT-BT device’s mechanical parameters. There is no any problem for 
beginning tests. Then we measured background activity for each detector. Test results are shown Fig.1. 

 
Fig. 1.Background activity test results for each detector. 

To evaluate energy peak test, there are visual test results and numerical test results in Fig. 2 and Table 1, respectively. 

 

Fig. 2. Photo peak energy visual test results for each detector. 
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Table 1. Photo peak energy numerical test results for each dedector. 

 

Intrinsic homogeneity test results for each dedector is shown in Fig. 3 and Table 2.   

 

Fig. 3. Intrinsic homogeneity test results for visual evaluation. 

Table 2. Intrinsic homogeneity test results for numerical evaluation. 

 

In this section, spatial resolution and linearity test results are given separately in undermentioned Figs for each dedector. 

 
Fig. 4. Respectively, spatial resolution and linearity test results. 
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Table 3. Spatial resolution test results for each dedector. 

 

Table 4. Linearity test results for each dedector. 

 

SPECT Test Results 

Table 5. COR test results are shown for each dedectors and each axis.  

 

 
Fig 5. Representation of Jaszczak phantom test results. 
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CT Test Results 

Mechanical test result 

Axial Movement Test Results 

In this test’s evaluation, each leaving gap must be equal each other . 

 

Fig 6. Axial movement test result.  

Image Quality Test Results 

To observed CT number in water, drawn field is shown in Fig. 7. Our measured CT number in water was 0.6 HU. 

 

Fig. 7. CT number in water test result 

Smallest bar on the phantom is observed according to Fig. 8. 

 

Fig. 8. High Contrast Spatial Resolution test result. 

Discussion and Conclusion 

Image quality of devices is dependent on regular quality control tests. And thus, quality control should be undertaken as 
an integral part of the routine work of the nuclear medicine department and should be performed by medical physicist. 
Image quality of these devices is important for accurate diagnosis of a disease. Otherwise, image quality problems can 
lead to misdiagnosis as a result of broken equipment. Via quality control tests, a changing in performance of device is 
easily detected. Gamma camera quality control tests are standardized by National Electrical Manufacturers Association 
(NEMA).To perform SPECT quality control tests, first physicist should be performed gamma camera quality control tests 
because SPECT quality tests include gamma camera tests [8].  SPECT-CT imagining device is a combination of SPECT 
and CT. Thus, quality control tests are separately performed for each device (SPECT, CT). 
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The main purpose of quality control tests in nuclear medicine is to verify that the images obtained accurately reflect the 
distribution of radiopharmaceuticals within a patient. Before quality control tests, visual inspection should be performed. 
In this study, there were no technical problems to begin quality control tests.  Background activity levels are as shown in 
Fig. 1, values are compatible with NEMA. Background levels are lower than the number 250 in 10 seconds. In photo 
peak energy test, each dedectors gamma energy should be compatible with 99mTc’s gamma energy (140keV) [9]. In the 
present study, photo peak energy test results are shown in Fig. 2 and Table 1. Intrinsic homogenous test is evaluated in 
two ways. Visual test results for each dedectors shown in Fig. 3. In Fig. 3, radioactive distribution is homogenous. In 
Table 2, intrinsic homogenous numerical results are shown. Our measured values are shown as “values”. Values are 
acceptable for NEMA. Spatial resolution and linearity visual test results shown in Fig. 4. For spatial resolution and 
linearity, the smallest line is observed and all lines are linear. In Table 3 and 4, spatial resolution and linearity numeric 
test results are shown, separately [9]. 

SPECT quality control tests are related to gamma camera’s rotation movement. In COR test, deflection in both axis (x,y) 
is examined. In Table 5, COR results are shown for each dedector and axis.  Deflection is within the acceptable limits. In 
SPECT Resolution and Homogeneity Test, Jaszczak phantom’s smallest sphere is observed, as shown in Fig. 5 [10]. 

In CT quality controls, axial movement test is related to patient table movement [7]. Each leaving gap section is measured. 
Each one is 1 cm (Fig. 6). 

In CT number in water test (Fig. 7), our measured water HU is 0.6. Normally, water’s HU is 0. Our result is within 
acceptable limits [7]. 

According to Fig. 8, the smallest line of phantom is observed for high contrast and spatial resolution. 

Our measured test values are acceptable for SPECT- BT imagining device. Although this device is new purchased, some 
technical problems can be observed in following years due to routine using.Thus, quality control tests should be performed 
by physicist periodically. 
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Abstract 

The eigenvalues for one-speed neutrons scattered anisotropically in a slab are calculated. The one-dimensional neutron 
transport equation is solved using the Chebyshev polynomials of first kind in neutron angular flux. Then, the calculated 
eigenvalues are given in the tables for various values of the c, the mean number of secondary neutrons per collision, and 
the anisotropy parameter b1. 

Introduction 

Orthogonal polynomials are frequently used in the solution of the transport equation. Since the cosine of the scattering 
angle of the neutrons from one direction to another changes in the interval of [-1,1], one can use the Legendre or 
Chebyshev polynomials which are defined in the same interval in the angular part of the neutron angular flux. Although 
the Chebyshev polynomials are applied in the solution of some problems of transport theory successfully in the past, it is 
not used continuously after that time. Aspelund, Conkie and Yabushita tried first the Chebyshev polynomials of first kind 
instead of the Legendre polynomials and they found convenient results for the critical thickness of one-speed neutrons in 
one-dimension. They also indicated the inefficiency of the conventional Legendre polynomials expansion (PN) method 
in the case of anisotropic scattering [1-3]. 

The calculation of the eigenvalues can said to be the first step in the problems of the transport equation for many cases. 
As an example, the collision parameter c is known as the essential eigenvalue and it designates some concepts of a reactor 
such as diffusion length, diffusion coefficient and buckling. 

In the last decade, some recent successful studies have been done using the first and the second kind of Chebyshev 
polynomials for the solution of the eigenvalue and critical thickness problems of the transport equation in slab geometry 
[4-6]. In this study, the first kind of Chebyshev polynomials are preferred to use for the solution of the eigenvalue problem 
for one-speed neutrons in a uniform finite slab with anisotropic scattering. Then, the eigenvalue spectrum for one-speed 
neutrons moving in a one-dimensional system is calculated by using the Chebyshev polynomials of first kind (TN method) 
in the expansion of the neutron angular flux. Numerical results obtained for the eigenvalues are given in the tables for 
various values of the scattering and anisotropy parameters. 

Theory: TN method 

The stationary transport equation for one-speed neutrons scattered anisotropically in a finite homogeneous slab can be 
written as [7], 
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subject to free space boundary and symmetry conditions: 

0),( =µy a ,        (2a) 

0),,(),( >-= µµyµy xx .      (2b) 

By definition, while y(x,µ) is the neutron angular flux at position x and direction µ, cosine of the angle between the 
neutron velocity vector and the positive x-axis, sT is the total macroscopic cross section and b1 is the average cosine of 
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the scattering angle, 𝑏4 ≤ 1/3  [8]. 

In this work, the angular flux of the neutrons is expanded in a series of the Chebyshev polynomials of first kind as in the 
previous works [9,10], 
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Inserting Eq. (3) into (1) and using the orthogonality and the recurrence relation of the Chebyshev polynomials of first 
kind [11], one can get the TN moments of the set of equations, 
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and in general, 
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The following solution is offered in order to find a general solution for the neutron flux in Eq. (4) [7], 

)/exp()()( nsn xAx Tnn =F .         (5) 

When Eq. (5) is inserted into Eq. (4) a system of algebraic equations is obtained for the analytic expressions of all An(n): 
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where A-1(n) = 0 and A0(n) = 1. By following the same procedure as in the traditional PN approximation, the discrete and 
continuumn eigenvalues can be computed by setting AN+1(n) = 0, for various values of c and b1. As an alternative method 
to reduce the mathematical preliminaries, a matrix equation can be written to calculate the n discrete eigenvalues, 

[ ]( ) ( )n n =M A 0 ,           (7) 

where M(n) is the (N + 1) ´ (N + 1) coefficients matrix and A(n) = [A0(n), A1(n),…AN(n)]T. In order to obtain a non-trivial 
solution of the matrix equation given in Eq. (7), one should equate the determinant of the coefficient matrix An(n) to zero, 
i.e. det[M(n)] = 0. Then, the discrete eigenvalues are calculated. 
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As an example for T1 approximation, the eigenvalues can be obtained from both Eq. (6) or Eq. (7) by letting A2(n) = 0, 
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1

1
2(1 )(1 )c b c

n = ±
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.          (9) 

Numerical results and discussion 

A modified version of the first kind of Chebyshev polynomials approximation is applied to neutron transport equation in 
case the neutrons are assumed to scatter anisotropically in the one-dimensional system. After offering a well-known 
solution to the moment equations, a linear algebraic equation is obtained for the eigenvalues. Finally, some eigenvalues 
for one-speed neutrons in a slab are computed using the determinant of the coefficient matrix given in Eq. (8) for various 
values of the anisotropy parameters as calculated by various orders of the present method. 

Table 1. The critical slab thicknesses for various values of c and b1 as calculated by PN and TN approximations. 

c b1 N = 1 N = 3 N = 7 N = 9 N = 9 (Legendre) 

1.01 

-0.3 ±6.194593241i ±5.035442520i 
±0.6150991910 

±5.037793827i 
±0.9458176896 
±0.6697688962 
±0.2426330792 

±5.037793881i 
±0.9690131815 
±0.8036258198 
±0.5317810917 
±0.1855820463 

±5.037793881i 
±0.9441122524 
±0.7710922932 
±0.5038521129 
±0.1750875687 

0.0 ±7.071067812i ±5.748472790i 
±0.6150388173 

±5.750539845i 
±0.9458158037 
±0.6697790385 
±0.2426321127 

±5.750539873i 
±09690128654 
±0.8036322733 
±0.5317805241 
±0.1855825168 

±5.750539873i 
±0.9441138913 
±0.7710953202 
±0.5038536421 
±0.1750876519 

0.3 ±8.469711416i ±6.886190063i 
±0.6149780458 

±6.8879218252i 
±0.9458138872 
±0.6697892645 
±0.2426311452 

±6.887921834i 
±0.9690125439 
±0.8036388024 
±0.5317799537 
±0.1855829875 

±6.887921833i 
±0.9441155525 
±0.7710983852 
±0.5038551771 
±0.1750877352 

1.20 

-0.3 ±1.355815361i ±1.030582570i 
±0.6577907489 

±1.030655404i 
±0.9494564439 
±0.6834951480 
±0.2533883222 

±1.030701919i 
±0.9707227948 
±0.8112316763 
±0.5437561742 
±0.1920008509 

±1.030696955i 
±0.9467184830 
±0.7791667561 
±0.5150396147 
±0.1808396445 

0.0 ±1.581138830i ±1.198087788i 
±0.6598593386 

±1.198240309i 
±0.9499568322 
±0.6849030252 
±0.2535146944 

±1.198267263i 
±0.9709803788 
±0.8122399300 
±0.5444435642 
±0.1920651940 

±1.198265012i 
±0.9471360927 
±0.7801031182 
±0.5156681920 
±0.1808832591 

0.3 ±1.976423538i ±1.492036592i 
±0.6623240838 

±1.492293770i 
±0.9506306634 
±0.6865903318 
±0.2536449394 

±1.492304921i 
±0.9713319836 
±0.8135166457 
±0.5452197961 
±0.1921306777 

±1.492304271i 
±0.9477000125 
±0.7812712689 
±0.5163702198 
±0.1809275493 

2.00 

-0.3 ±0.5590169944i ±0.3909423042i 
±0.7149609909 

±0.3574010063i 
±0.9525843241 
±0.7023147262 
±0.2922429530 

±0.3555258878i 
±0.9721628632 
±0.8195611839 
±0.5661096340 
±0.2178777315 

±0.3551808652i 
±0.9489848371 
±0.7886426847 
±0.5371881863 
±0.2044680414 

0.0 ±0.7071067812i ±0.4734990109i 
±0.7466824269 

±0.4308581657i 
±0.9565297110 
±0.7173900460 
±0.2989557262 

±0.4294347513i 
±0.9741592354 
±0.8285241046 
±0.5775551128 
±0.2207696150 

±0.4292393923i 
±0.9521838130 
±0.7977552732 
±0.5479004687 
±0.2067327462 

0.3 ±1.118033989i ±0.6740880679i 
±0.8292937095 

±0.6157822818i 
±0.9721962787 
±0.7563719624 
±0.3086373310 

±0.6151955641i 
±0.9830478473 
±0.8565005914 
±0.6012299125 
±0.2243773039 

±0.6151646173i 
±0.9657776954 
±0.8244258986 
±0.5691168813 
±0.2094832899 

 

The discrete and continuum n eigenvalues are calculated by setting 1( ) 0NA n+ =  for the order of approximation and 

they are given in Table 1. As can be followed from the table, one pair of the roots is purely imaginary and the others are 
real for c > 1, as expected, since these roots are used especially for the critical thickness problem. In addition, the certain 
accordance appeared between the results obtained from the present method and the ones obtained from the traditional PN 
method proves the accuracy of the TN method. The eigenvalues can also be calculated for c < 1 and they can be used other 
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problems in transport theory such as asymptotic relaxation length. 

In this work, as a modified version of the first kind of Chebyshev polynomials are used in the series expansion of the 
neutron angular flux in transport equation to solve the eigenvalue problem for one-speed neutrons in a system with 
anisotropic scattering. Therefore, the eigenvalues obtained in this study can be used for the critical thickness problems. 
At any time thereafter, this study is planned to be expanded to calculate the critical thickness of the system. 
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Diffusion Approximation for the Negative Scattering Parameters of Henyey-
Greenstein Phase Function Using UN Method 

A. BULBUL 

Osmaniye Korkut Ata University, Department of Physics, Osmaniye, Turkey 

 

Diffusion lengths are calculated for the negative values of scattering parameters (t) with Henyey-Greenstein phase 
function using U1 approximation. Numerical results obtained from U1 and P1 approximations are compared with each 
other for different collision parameters and t parameters. 

Introduction  

In a nuclear reactor, as the neutrons move complicated paths, designing a nuclear reactor is quite difficult. To get this 
problem in nuclear reactor theory, it is necessary to be able to predict how the neutrons will be behaved throughout the 
systems. Also, since the neutrons in system repeated nuclear collisions, this problem became a more difficult case. To get 
a satisfactory solution, this problem can be solved with diffusion approximation. Diffusion approximation has the great 
advantage to predict many of the properties of nuclear reactors for example neutron transport and energy spectrum [1] 
and also it is widely used first estimates of reactor properties [2]. One of the main problem is in a nuclear reactor, 
calculation of the rates of different reactions of neutrons with the materials.  To calculate this, one has knowledge about 
nuclear cross sections and their energy dependence and also neutron distributions. The simplest and most widely used 
mathematical description of the neutron distributions in nuclear reactors is provided by neutron diffusion theory [1]. 

Diffusion equation is based on Fick’s law, which was originally used to account for chemical diffusion and  this law 
relating to current to the gradient of the flux. Fick’s law express that net number of neutrons which pass per unit time 
through a unit area perpendicular to the x-direction [2]. 

Many methods have been proposed and applied to variety of transport problems. Among them, spherical harmonics 
method (PN) is mostly use from many scientists.  However, Chebyshev polynomials of the second kind have been used 
in the last studies for calculating critical thickness, diffusion length from certain scientists [3-5]. 

In this study, diffusion equation is solved with Chebyshev polynomial expansion which is belong to more general class 
of one-variable classical polynomials known as ultra-spherical polynomials, denoted by )(l

NP . Each value of λ leads to a 

different approximation, including the spherical harmonics when ][2/1 2/1
NN PP ==l , Chebyshev polynomials of the 

second kind when ][1 1
NN PU ==l . Recently, the workers showed that in their studies UN approximation gives quite 

coherent results with the widely used PN  approximation in literature. Ozturk reported that in his study UN method’s results 
for reflected critical slab problem for one-speed neutrons with forward and backward are almost same PN method [4]. 
Bulbul et al. presented that the second kind of Chebyshev polynomials UN, for isotropic scattering in slab geometry with 
reflective boundary conditions can be applied to the neutron transport equation [5]. In this study, diffusion equation is 
solved with Chebyshev polynomial expansion using Henyey-Greenstein phase function  (HG-PF). HG-PF is used in 
several studies to describe stellar light propagation throughout an atmosphere and light scattering in the sea-water [6-9]. 
In this study, we use HG-PF to solve diffusion equation then calculate the diffusion lengths for different values of collision 
scattering parameters. The results obtained from U1 and P1 approximations are given in the tables for comparison. 

Theory  

In slab geometry, the steady-state time-independent neutron transport equation without sources is given as  
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where ),( µy x  is the angular flux or flux density of neutrons at position x traveling in direction  µ, σT  and σS  are total and 

scattering differential cross section, respectively. It is aimed to solve Eq. (1) with HG phase function in this study and to 
do this, scientist  use 

Ss  in terms of HG-PF and it is given as 

( ) 2/32
0

2

0
214

)1(
)(

tt

tSHG
S

+-

-
=

µp

s
µs                          (2) 

where sS is any non-negative coefficient, the parameter t is in the range of 10 ££ t  and WW ¢×=0µ  is the cosine of the 

scattering angel, 

)cos(11 22
0 jjµµµµµ ¢-¢--+¢= . 

The steady state transport equation for one-dimensional case can be written when the HG-PF given in Eq. (2) is inserted 
on the right hand side of Eq. (1), 
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To simplify the derivation of the equations, here a dimensionless space variable such that sTx/n ® x is defined and n is 
the eigenvalues. In order to solve Eq. (4), it is well known that in the UN approximation the angular flux is expanded in 
terms of Chebyshev polynomial as   
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               (5) 

If the neutron angular flux ),( µy x  given in Eq. (5) is inserted into Eq. (4), and the resulting equation is multiplied by 

Un(µ) and integrated over µÎ[-1,1] using the orthogonality properties and the recurrence relations of Chebyshev 
polynomials given below 
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One can obtain the UN moments of the angular flux for n = 0 and n = 1 respectively 
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Eqs. (8) and (9) are U1 equations of the present method for the neutron transport equation and the condition for n = 1 
stated in Eq. (9) is equivalent to diffusion approximation as in spherical harmonics (PN) method by setting 0dd 1 =F + xN  

[10]. In the case of U1 approximation, a familiar equation known as Fick’s law is obtained by taking 0dd 2 =F x  in Eq. 

(9) 
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Then Eq. (10) is inserted into Eq. (8) to obtain the diffusion equation; 
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From Eq. (11), the diffusion length (L) in U1 approximation can be given, 
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Results  

In this study, diffusion lenghts are calculated for different values of scattering parameters and collision parameters. U1 
approximation is applied to diffusion problem using HG-PF in slab geometry then for the negative values of scattering 
parameters, diffusion lenghts are tabulated and compared with P1 approximation. It can be said from the present method, 
U1 approximation gives convenient results with P1 approximation.  

Table 1. Diffusion lengths L (cm) as calculated by P1 and U1 approximations for c = 0.99, 0.98 and 0.95 and different values of t with HG phase function 

t 
c = 0.99 c = 0.98 c = 0.95 

U1 P1 U1 P1 U1 P1 
0.00 5.0000 5.7735 3.5355 4.0825 2.2361 2.5820 
-0.25 4.4766 5.1692 3.1686 3.6588 2.0101 2.3210 
-0.50 4.0893 4.7219 2.8964 3.3445 1.8411 2.1260 
-0.70 3.8427    4.4372 2.7229 3.1441 1.7329 2.0010 
-0.85 3.6846 4.2546 2.6114 3.0154 1.6632 1.9205 
-1.00 3.5444 4.0927 2.5126 2.9013 1.6013 1.8490 

 

Table 2. Diffusion lengths L (cm) as calculated by P1 and U1 approximations for c = 0.89, 0.85 and 0.80 and different values of t with HG phase function 

t 
c = 0.89 c = 0.85 c = 0.80 

U1 P1 U1 P1 U1 P1 
0.00 1.5076 1.7408 1.2910 1.4907 1.1180 1.2910 
-0.25 1.3635 1.5744 1.1724 1.3538 1.0206 1.1785 
-0.50 1.2541 1.4481 1.0815 1.2488 0.9449 1.0911 
-0.70 1.1834 1.3664 1.0222 1.1804 0.8951 1.0336 
-0.85 1.1375 1.3135 0.9837 1.1358 0.8626 0.9960 
-1.00 1.0966 1.2662 0.9492 1.0960 0.8333 0.9623 
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Abstract 

The eigenvalue problem for one-speed neutrons in a slab is investigated in the case of using Henyey-Greenstein phase 
function in place of the scattering function in particle transport equation. The flux moments are obtained using our 
reasonable series expansion of the neutron angular flux with the Chebyshev polynomials of second kind. Finally, linear 
algebraic equations for the eigenfunctions are obtained using a well-known solution in moment equations and the 
eigenvalues are calculated for various values of the scattering and negative values of the t parameters. 

Introduction 

As well known, the neutron transport equation describes the interactions and thus the population of the neutrons in the 
system. It gives the types of the interaction of the neutrons with the materials of the system, therefore gives also the 
number of change of them. Since the neutrons continues the fission chain reaction and all the reactors wanted to be in 
critical situation, it is important to know how the neutron interact with matter and what changes their population. 

The scattering function in transport equation represents the neutron interaction probabilities. Therefore, it should be well 
defined for the most accurate solutions of the problems under consideration. The scattering function had been taken in 
the form of isotropic, forward, backward and anisotropic scattering. However, there usually no more solutions about 
anisotropic scattering except linear anisotropy because of the unclear structure of the scattering function. 

Instead of using approximate functions in the scattering function, an exact phase function could be remarkable for the 
significant solution of the problems in transport theory. Henyey and Greenstein had offered a scattering function (HG 
phase function) for the diffusion of the radiation in galaxy [1]. Then, this scattering function had been applied to some 
other problems in engineering such as the transfer of radiation in different media, light scattering etc. [2-4]. In some recent 
studies, the HG scattering function applied to calculate the critical size problem successfully [5]. 

In this study, the HG phase function is chosen for the scattering function in one-dimensional transport equation for one-
speed neutrons in a finite slab. Then, the neutron angular flux is expanded in terms of the Chebyshev polynomials of 
second kind (UN method) as it is applied successfully in some previous studies [6,7]. Finally, the eigenvalues are 
calculated for various values of the scattering parameter c, the mean number of secondary neutrons per collision, and the 
negative values of the parameter t. 

Henyey-Greenstein (HG) phase function with UN approximation 

As mentioned above, the HG phase function is one of the most popular scattering functions especially used in radiative 
transfer. It is given as [1], 
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where sS is any non-negative coefficient, the parameter t represents all kinds of scattering and it is in the range of −1 ≤
𝑡 ≤ 1 and WW ¢×=0µ  is the cosine of the scattering angle together with the µ (µ¢) direction cosines of the neutron before 

(and after) the scattering, 

)cos(11 22
0 jjµµµµµ ¢-¢--+¢=       (2) 

In this study, the neutron angular flux is expanded in terms of the Chebyshev polynomials of second kind as done 
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successfully before [6,7]. 
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where Um(µ) is the second kind of Chebyshev polynomials, Fn(x) is the scalar neutron flux and the slab is assumed to be 
extended from x = - a to x = a. The transport equation for one-speed neutrons in a slab can be written with the HG phase 
function, 
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subject to free space boundary and symmetry conditions: 
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0),,(),( >-= µµyµy xx .       (5b) 

The transport equation given in Eq. (4) can be rearranged as, 

0

( , ) ( , ) (2 1) ( ) ( )
2

n
n n

n

x cx n t P x
x

y µ nµ ny µ µ a
¥

=

¶
+ = +

¶ å ,     (6) 

where an(x) is defined as, 

1

1

( ) ( ) ( , )dn nx P xa µ y µ µ
-

¢ ¢ ¢= ò .       (7) 

Here, the integral of the HG phase function with the addition theorem of the Legendre polynomials is used and a 
dimensionless space variable such that sTx/n ® x is defined and n is the eigenvalues [8], 

ò å
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nn
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S PPtn .      (8) 

According to the method, the orthogonality and the recurrence relations of the Chebyshev polynomials of second kind 
are needed to integrate Eq. (7) over µ Î [-1,1] after Eq. (3) is replaced in Eq. (6) and then the resultant equation is 
multiplied by Un(µ) [9], 

mnmn dUU ,
2

1

1 2
1)()( dpµµµµ =-ò

-

,       (9) 

0)()(2)( 11 =+- -+ µµµµ nnn UUU .       (10) 

Then, one can obtain the UN moments of the angular flux for n = 0: 

1
0 0

d ( ) 2 ( ) 2 ( )
d
x x c x
x

n nF
+ F = F ,       (11) 

and the other moments can be obtained in a similar manner. However, a general expression for the moment equations is 
not obtained. Instead, as an example, the moment equation for n = 7 can be given as, 
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d d
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x x

t t x t x

n n

é ù+ + - F
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ê ú
ê ú+ - F - Fë û

,  (12) 

In order to obtain the eigenvalue spectrum, a reasonable solution is employed of the form [10], 
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)exp(),()( xtAx nn n=F .        (13) 

A system of algebraic equations for analytic expressions of all An(n) can be obtained when Eq. (13) is substituted into the 
moment equations obtained for example for n = 0 in Eq. (11) and for n = 7 in Eq. (12). However, a general expression for 
the eigenfunctions could not be obtained since a general expression for the moments equations could not have been 
obtained through Eqs. (11) and (12). Therefore, the equations for eigenvalues and eigenfunctions for n = 0 and n = 7 are 
obtained as in the moment equations given in Eqs. (11) and (12), respectively; 

1 0( , ) 2 (1 ) ( , ) 0A t c A tn n n+ - = ,        (14) 
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ê ú
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  (15) 

where A-1(n,t) = 0 and A0(n,t) = 1. Since UN approximation is similar to PN approximation, the discrete and continuumn 
eigenvalues can be obtained by setting AN+1(n,t) = 0 for various values of the c and t parameters. For instance for U1 
approximation (N = 1), it is easy to obtain an analytic expression for the eigenvalues by solving the eigenfunction 
equations for n = 0 and n = 1 simultaneously, 

1
2 (1 )(1 )k c ct

n = ±
- -

.        (16) 

Numerical results and discussion 

The HG phase function is replaced in transport equation as a scattering function and then the neutron angular flux is 
expanded in terms of the Chebyshev polynomials of second kind. Then, a well-known solution replaced to scaler flux in 
moment equations to obtain equations of eigenfunctions and eigenvalues. Finally, some eigenvalues for one-speed 
neutrons in a slab are computed for various values of the c and negative values of the t parameters. 

Table 1. Eigenvalue spectrum for various values of the c and t. 

 c = 1.01 c = 1.20 
t N = 1 N = 3 N = 7 N = 1 N = 3 N = 7 

0 ±5.000000000i ±5.753734204i 
±0.4345004325 

±5.750539971i 
±0.8658117176 
±05987092181 
±0.2096679200 

±1.118033989i ±1.209762577i 
±0.4620881859 

±1.198372538i 
±0.8731796160 
±0.6133874465 
±0.2177382354 

-1/4 ±4.467670517i ±5.140718032i 
±0.4454371520 

±5.136970983i 
±0.8680403750 
±0.6033834576 
±0.2131053202 

±0.9805806755i ±1.061782888i 
±0.4756778572 

±1.048309469i 
±0.8762155145 
±0.6200919214 
±0.2220985989 

-3/4 ±3.771571433i ±4.322100089i 
±0.5559611587 

±4.315392543i 
±0.9399909374 
±0.6556329085 
±0.2549143982 

±0.8111071055i ±0.8082396242i 
±0.7171629778 

±0.7850593036i 
±1.039125560 
±0.7197906662 
±0.2894092464 

-0.99 ±3.535622296i ±3.262643201i 
±0.4526566431 

±3.161851997i 
±4.922971540 
±2.595549097 
±1.036596055 

±0.7558425690i ±0.4816231835i 
±1.270939860i 

±0.2835159212i 
±0.8618195256i 
±1.324466847i 
±1.577100791i 

 

The discrete and continuum n eigenvalues are calculated by setting  𝐴5z4 𝜈, 𝑡 = 0 for the order of approximation and 
they are given in Table 1. The eigenvalues for c > 1 are expected as to be one pair of them is purely imaginary and the 
others are real. However, this phenomenon is not seen from the table exactly since all the eigenvalues obtained from the 
U7 approximation for c = 1.20 are imaginary. This discrepancy can be sourced from the nature of the HG phase function 
since it may not work in this problem as well as the others. On the other hand, in this study, the eigenvalues for c < 1 can 
also be calculated and they can be used in other problems of transport theory. This study can be extended to solve the 
critical size of the system by using the same methodology. 
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An Alternative Phase Function for the Eigenvalue Problem to One-Dimensional 
Transport Equation 
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Osmaniye Korkut Ata University, Department of Physics, Osmaniye, Turkey 

Abstract 

The neutron angular flux expanded in terms of the Chebyshev polynomials of second kind together with a reasonable 
alternative phase function which is applied successfully before are used in neutron transport equation for the solution of 
the eigenvalue problem. This problem is important for the first calculation of a reactor safely. Therefore, the eigenvalues 
for one-speed neutrons in a slab are computed for various values of the scattering and negative values of the t parameters. 

Introduction 

The distribution and the population of the neutrons in a reactor system are very important to continue the fission chain 
reaction and thus to produce continuous and sustainable energy. However, it is very difficult to describe all interaction 
types of neutrons since there are lots of ways of a neutron to interact with matter inside a reactor system. 

As well known, the neutron transport equation describes the change of number of neutrons in a system. The types and the 
number of interactions of the neutrons in the system are described by the scattering function in transport equation. 
However, many of the scattering functions used so far in transport equation were approximate functions and they generally 
represent the isotropic and linear anisotropic scattering together with the backward and forward scattering. Although it is 
not enough to use such functions, because of mathematical discrepancies they were preferred. 

In this study, an exact phase function instead of an approximate function is preferred to use as a scattering function in 
transport equation. Anlı-Güngör (AG) as an alternative phase function firstly described by [1] is presented in transport 
equation for one-speed neutrons in a finite slab. Then, the neutron angular flux is expanded in terms of the Chebyshev 
polynomials of second kind which is approved in previous works successfully [2,3]. The investigation of the eigenvalue 
spectrum which is accepted as the first step calculations of the problems in transport theory, are specified for various 
values of the scattering parameter c, the mean number of secondary neutrons per collision, and the negative values of the 
parameter t. 

Anlı-Güngör (AG) phase function with UN approximation 

The neutron transport equation for one-speed neutrons in a finite homogeneous slab can be written as [4], 

1

0
1

( , ) ( , ) ( ) ( , )d dT S
x x x
x

y µµ s y µ s µ y µ µ j
-

¶ ¢ ¢ ¢+ =
¶ ò ,     (1) 

where y(x,µ) is the angular flux of the neutrons at position x, travelling in direction µ after the scattering (µ¢, before 
scattering) and WW ¢×=0µ  is the cosine of the scattering angle, 

)cos(11 22
0 jjµµµµµ ¢-¢--+¢= .       (2) 

While sT is the total macroscopic cross section sS (µ0) is scattering function which describes the interaction of the neutrons 
in the system. In this study, the angular flux of the neutrons expanded in a series of the Chebyshev polynomials of second 
kind is preferred [2,3], 

2
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On behalf of the scattering function in transport equation, an exact scattering function firstly described by [1] is used in 
this study; 

( )0 1/ 22
0

( )
4 1 2

AG S
S

t t

ss µ
p µ

=
- +

.        (4) 

By inserting Eqs. (3) and (4) into Eq. (1) with the integral of the AG phase function obtained by using addition theorem 
of the Legendre polynomials, 
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then the transport equation can be rearranged as, 
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where an(x) is defined as, 

1

1

( ) ( ) ( , )dn nx P xa µ y µ µ
-

¢ ¢ ¢= ò ,         (7) 

and sS is any non-negative coefficient, the parameter t represents all kinds of scattering and it is in the range of −1 ≤ 𝑡 ≤
1. A dimensionless space variable such that sTx/n ® x is defined and n is the eigenvalues [1]. In order to obtain the 
moment equations, Eq. (3) is inserted into Eq. (6) and then integrating the resultant equation over µÎ[-1,1] after 
multiplying by Un(µ) with the orthogonality and the recurrence relations of the Chebyshev polynomials of second kind. 
Then, the UN moments of the angular flux for n = 0: 

1
0 0

d ( ) 2 ( ) 2 ( )
d
x x c x
x

n nF
+ F = F .        (8) 

The other equations can be obtained for different values of n, but it seems impossible to obtain a general expression for 
the moment equations. Therefore, as an example, the moment equation for n = 7 can be given as, 
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16435 3003 231 63
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t t x t x
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,   (9) 

A well-known solution is defined for the neutron flux [Davison], 

( ) ( , )exp( )n nx G t xnF = .         (10) 

By substituting Eq. (10) into Eq. (8) or (9), an analytic expression for the eigenfunctions can be obtained for any values 
of n. However, as in the case of moment equations, there seems not to be to write a general expression for all 
eigenfunctions. Instead, the equations for n = 0 and 7 are preferred to be given, respectively; 

1 0( , ) 2 (1 ) ( , ) 0G t c G tn n n+ - = ,        (11) 
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where G-1(n,t) = 0 and G0(n,t) = 1. In conventional PN approximation, the discrete and continuumn eigenvalues can be 
obtained by setting GN+1(n,t) = 0. The same procedure is valid for UN approximation since they are defined in the same 
interval [-1, 1] as in the same polynomial family. For instance, for U1 approximation (N = 1), an analytic expression for 
the eigenvalues can easily be obtained by solving the eigenfunction equations for n = 0 and n = 1 simultaneously, 

1 3
2 (1 )(3 )k c ct

n = ±
- -

.         (13) 

As can be seen from Eq. (13), the eigenvalues can be obtained for various values of the c and t parameters. 

Numerical results and discussion 

The neutron transport equation for one-speed neutrons in a finite slab is investigated for the eigenvalue problem by 
replacing an alternative phase function (AG) instead of the scattering function. Then, a recently developed neutron angular 
flux expanded in a series of the Chebyshev polynomials of second kind is used in transport equation. The calculated 
eigenvalues for various values of the c and negative values of the t parameters are given in the Table 1 as computed by 
various orders of the approximation. 

Table 1. Eigenvalue spectrum for various values of the c and t. 

 c = 1.01 c = 2.00 
t N = 1 N = 3 N = 7 N = 1 N = 3 N = 7 

0 ±5.000000000i ±5.753734204i 
±0.4345004325 

±5.750539970i 
±0.2096679200 
±0.5987092183 
±0.8658117174 

±0.5000000000i ±0.4601975359i 
±0.5432449774 

±0.4309495573i 
±0.2526122141 
±0.6476702573 
±0.8864317016 

-1/4 ±4.801998046i ±5.525908722i 
±0.4367754434 

±5.522493005i 
±0.2099137099 
±0.6003820124 
±0.8671160919 

±0.4629100498i ±0.4340796557i 
±0.5388000459 

±0.4041058914i 
±0.2514846106 
±0.6480809044 
±0.8880913864 

-1/2 ±4.625797537i ±5.322635750i 
±0.4419782386 

±5.318852862i 
±0.2108535874 
±0.6042069260 
±0.8700391158 

±0.4330127019i ±0.4090844999i 
±0.5481714061 

±0.3786666540i 
±0.2525766997 
±0.6557778791 
±0.8981846242 

-3/4 ±4.467670516i ±5.139515542i 
±0.4482177123 

±5.135300121i 
±0.2129150375 
±0.6085996650 
±0.8739729194 

±0.4082482904i ±0.3832027974i 
±0.5716128793 

±0.3522263303i 
±0.2585813824 
±0.6682080547 
±0.9183256802 

-0.99 ±4.330181147i ±4.979354626i 
±0.4547345859 

±4.974780124i 
±0.2154187937 
±0.6134734622 
±0.8808161789 

±0.3880752629i ±0.3557369990i 
±0.6189921772 

±0.3220073450i 
±0.2730481091 
±0.6903888292 
±0.9629541173 

 

In this study, the eigenvalue spectrum is obtained by setting GN+1(n,t) = 0 for any order of the approximation and they are 
given in the table. In Table 1, one pair of the eigenvalues is seemed to be purely imaginary and the others are real for c > 
1, as expected, since these roots are used especially for the critical thickness problem. This monotonic and expected 
behavior of the eigenvalues is very important. Otherwise, the calculated eigenvalues may not be used in the solutions of 
the problems of transport theory. In addition, although it is not referred to here, the eigenvalues can also be calculated for 
c < 1 and they can be used in the calculation of the asymptotic relaxation lengths or scalar flux calculations. The 
eigenvalues calculated in this study can also be used to determine the critical size of a system. 
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Analysis of Dose - Thickness Interaction with X-Rays Energy of 6 Mev for Beech 
Wooden Materials 

E. TEL, M. OZGEN, A. BULBUL 

Osmaniye Korkut Ata University, Department of Physics, Osmaniye-Turkey 

In this study, dose and thickness interrelation is analyzed by using photon rays with an energy of 6 MeV and 18 MeV on 
wooden type materials made of beech trees with different surface area. We studied the dose measurements on the surface 
area 5x5, 8x8, 10x10, 12x12 cm and different thicknesses. X-rays with an energy 6 MeV is applied at 0o grant angle; and 
solid phantom is adjusted. Dose measurements are carried out on beech type of wooden materials with different 
thicknesses; and stopping power of these materials are compared.  

Introduction 

Wood has been an essential material for human survival since the primitive state, for its wide abundance, relative ease of 
working it, and outstanding mechanical properties. With the development of technology, wood came to be used for shelter, 
fuel, tools, boats, vehicles, bridges, furniture, engineering materials, weapons, and even raw materials for energy [1]. X-
rays are forms of radiant energy, like light or radio waves. Unlike light, x-rays can penetrate the body, which allows a 
radiologist to produce pictures of internal structures. The radiologist can view these on photographic film or on a TV or 
computer monitor. The scientific unit of measurement for radiation dose, commonly referred to as effective dose, is the 
millisievert (mSv). Other radiation dose measurement units include rad, rem, roentgen and gray.  

The measurement of absorbed dose is of fundamental importance in radiological protection for calculating radiation dose. 
However, absorbed dose is a physical quantity and used unmodified is not an adequate indicator of the likely health effects 
in humans. Also, dose-thickness relation has a great importance for the shielding using wooden materials in science. From 
this point, this study aims to show usability wooden materials such as beech trees in shielding and compare these results 
with literature. Siemens Oncor Impression Model linear accelerator, PTW model parallel ion chamber and water 
equivalent water phantom is used during the experimental measurements. 

Absorbed dose is a measure of the energy deposited in a medium by ionizing radiation. It is equal to the energy deposited 
per unit mass of medium, and so has the unit J/kg or gray (Gy) where 1Gy = 1Jkg-1. 

Our aim is to analyze dose-thickness relation of beech wooden material at 6 MeV and 18 MeV energy for different surface 
areas and thicknesses. 

Results and Discussion 

 
 

Fig. 1. Dose Measurement for 5x5 cm2 thickness at 6 MeV Fig. 2. Dose Measurement for 8x8 cm2 thickness at 6 MeV 

In this study, we measured dose and thickness interrelation using photon rays with an energy of 6MeV and 18MeV on 
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different type of wooden materials made of beech trees with a different surface area and different thicknesses (such as 
0.5cm, 1cm, 1.5cm, 2cm, 2.5cm, 3cm, 3.5cm, 4cm, 4.5cm, 5cm, 6cm, 7cm, 8cm, 9cm). X-rays with energy of 6 MeV and 
18MeV are applied at grant angle of 0o. In order to make the dose measurements, the solid phantom is also adjusted for 
5cm x 5cm, 8cm x 8cm, 10cm x 10cm, 12cm x 12cm surface area. Dose measurements are carried out on beech type of 
wooden materials with different thicknesses. The stopping power of these materials is then compared with using beech 
materials (Figs. 1-4) and without using beech materials (Figs. 5-8) at 6 MeV and 18 MeV. From our measurements as 
seen from Figs. 1-8, we concluded that results from beech wooden materials were similar to without any materials. 

  

Fig. 3. Dose Measurement for 10x10 cm2 thickness at 6 MeV Fig. 4. Dose Measurement for 12x12 cm2 thickness at 6 MeV 

  

Fig. 5. Dose Measurement for 5x5 cm2 thickness at 18 MeV Fig. 6. Dose Measurement for 8x8 cm2 thickness at 18 MeV 

  

Fig. 7. Dose Measurement for 10x10 cm2 thickness at 18 MeV Fig. 8. Dose Measurement for 12x12 cm2 thickness at 18 MeV 

Conclusion 

In this study, we made the experimental analysis of the stopping power of beech type wooden materials used as a covering 
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material in the laboratories where Medical Linac is used. These materials are possible to be used as a covering material 
on some parts of the devices (Linacs) and can be used as a shield (covering) material because of reachable and cheaper. 
In this context, we purpose that it is important to measure the stopping power of such wooden materials. Dose 
Measurements were made for different thicknesses at 6 MeV and 18 MeV as given previous section and Figs. 1-8.  
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A Review of Turkey’s Nuclear Energy Policies: A Discussion Paper 

N. KILINC-ATA, B. TANRIOVER 
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Abstract 

Implementing sustainable energy policies for economic development has turned out to be one the priorities of the 21st 
century. The issue of nuclear energy for developing countries is an opportunity where most of electricity is generated 
from fossil energy sources and which have energy security and environmental problems.Therefore, Turkey should prefer 
electricity generation from nuclear energy and renewable energy sources, which also minimize social and environmental 
risks. On the other hand, some developed countries, especially in European states, confirmed the closing down policies 
after the Fukushima disaster in March 2011.  

This paper discusses nuclear energy policies in developed and developing countries as part of Turkey. Specifically, policy 
investigations on nuclear energy’s sustainability are made with system dynamics in light of Turkey’s nuclear program. A 
significant finding from such paper is that, Turkey needs comprehensive nuclear energy policies, which combines with 
its economic development plans, and a proper legal framework. Besides of these, Turkey should adopt new strategic 
policies for nuclear power plant constructions. 

Introduction 

Security of energy supply has become a priority all around the globe and nuclear energy is one of the alternative energy 
internationally. On the other hands, number of Europe countries discuss pro and cons nuclear energy after the Fukushima 
disaster in March 2011. The accident deepened the international discussion concerning the risk of nuclear power plants 
as well as its effect on the countries’ transition to alternative, clean energy forms [5]. In this paper, we present a review 
of Turkey’s nuclear energy policy despite developed countries, especially Europecountries; consider closing down 
nuclear energy policies.  

Europe countries having different motivations and goals with respect to nuclear power plants if we compare with 
developing countries, a fair question to ask is whether the why developing countries have different nuclear power plant 
policies from developed countries. There are several studies in economics literature, which have looked at the relationship 
between nuclear energy and various macroeconomic variables (e.g., income, oil prices, capital, labour) at the country or 
regional level as empirically [9]. Menyah and Wolde-Rufael [9] presented an empirical model of nuclear energy 
consumption, carbon dioxide emissions and real GDP for the US for the period 1960-2007 with Granger causality test. 
This result suggested that nuclear energy consumption could help to mitigate CO2 emissions. They [10] investigate to test 
the causal relationship between nuclear energy consumption and real GDP for nine developed countries for the period 
1971-2005. Their paper indicated that there is unidirectional causality running from nuclear energy consumption to 
economic growth in Japan, Netherlands and Switzerland, while bi-directional causality running betweeneconomic growth 
and nuclear energy consumption in France, Spain, the United Kingdom and the United State.  

The present study aims to contribute to the existing research in several ways. First,the goal of this study is to examine 
nuclear power plant policies in the world, especially, to point out Turkey’s nuclear energy policies. Moreover, this paper 
is to emphasize different nuclear energy policies after the Fukushima accident.  

Nuclear Energy Policies in the World 

Nuclear power plant has a share of 5.4 % in world’s gross final energy consumption [3]. As shown in Table 1, the worlds 
leading nuclear electricity generation countries, such as US, France, Russia, respectively. There are 65 nuclear power 
plants under construction, while 162 nuclear power plants projected. The highest numbers of nuclear power plants under 
construction are in eastern countries such as China, Russia and India. Table 1 demonstrates that the highest number of 
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nuclear power plants under operation is in western countries such as USA, France, UK and Germany. For Turkey, thereis 
planning 4 nuclear power plants by 2016.  

Table 1. Nuclear Power Plants in the World (2016) [15] 

Country 
Nuclear Electricity 

Generation 2014  
(billion kWh) 

Reactors 
Operable 2016 
(No/MWe net) 

Reactors Under 
Constructions 2016  

(No/MWe gross) 

Reactors Planned 
2016 

(No/MWe gross) 
Argentina 5.3 3/1627 1/27 2/1950 
Armenia 2.3 1/376 0/0 1/1060 
Bangladesh 0 0/0 0/0 2/2400 
Belarus 0 0/0 2/2388 0/0 
Belgium 32.1 7/5943 0/0 0/0 
Brazil 14.5 2/1901 1/1405 0/0 
Bulgaria 15.0 2/1926 0/0 1/950 
Canada 98.6 19/13553 0/0 2/1500 
China 123.8 30/26849 24/26885 42/48330 
Czech Republic 28.6 6/3904 0/0 2/2400 
Egypt 0 0/0 0/0 2/2400 
Finland 22.6 4/2741 1/1700 1/1200 
France 418.0 58/63130 1/1750 0/0 
Germany 91.8 8/10728 0/0 0/0 
Hungary 14.8 4/1889 0/0 2/2400 
India 33.2 21/5302 6/4300 24/23900 
Indonesia 0 0/0 0/0 1/30 
Iran 3.7 1/915 0/0 2/2000 
Japan 0 43/40480 3/3036 9/12947 
Jordan 0 0/0 0/0 2/2000 
Kazakhstan 0 0/0 0/0 2/600 
South Korea 149.2 25/23017 3/4200 8/11600 
Lithuania 0 0/0 0/0 1/1350 
Mexico 9.3 2/1600 0/0 0/0 
Netherlands 3.9 1/485 0/0 0/0 
Pakistan 4.6 3/725 2/680 2/2300 
Poland 0 0/0 0/0 6/6000 
Romania 10.8 2/1310 0/0 2/1440 
Russia 169.1 35/26053 8/7104 25/27755 
Slovakia 14.4 4/1816 2/942 0/0 
Slovenia 6.1 1/696 0/0 0/0 
South Africa 14.8 2/1830 0/0 0/0 
Spain 54.9 7/7121 0/0 0/0 
Sweden 62.3 9/8849 0/0 0/0 
Switzerland 26.5 5/3333 0/0 0/0 
Turkey 0 0/0 0/0 4/4800 
Ukraine 83.1 15/13107 0/0 2/1900 
UAE 0 0/0 4/5600 0/0 
United Kingdom 57.9 15/8883 0/0 4/6100 
USA 798.6 99/98990 5/6218 18/8312 
WORLD 2.411 440/384,006 65/68,935 173/182,424 

 

In Europe, France has a higher percentage electricity production from nuclear power plants with 75%, while 56% of the 
total electricity demand from seven nuclear power plants in 2003 is generated in Belgium [7]. Most countries (e.g. 
Germany, Switzerland, Belgium) in the Europe announce that they are not going to build up new nuclear power plants 
when their presently working plants finalize their operation after the Fukushima accident in 2011 while Sweden and 
France seem committed to continue their nuclear power programs [13]. Besides, OECD countries aim to 10% of total 
CO2 emissions from energy use with nuclear power plants [9]. In the UK, policy makers continued on their decision to 
increase nuclear power plants in the future, while in Germany, the government decided to shut down policy for the old 
generation of nuclear reactors [14]. The Fukushima accident has considerably altered the political landscape surrounding 
nuclear power especially in several Europe countries. Furthermore, new nuclear power policies affect carbon emissions, 
technological innovation, national competitiveness, and the prices of energy, C and U [6,8].  

As Fig. 1 displays, electricity production from nuclearsources as a share of total electricity generation has significantly 
increased over the last three decades. In 2005 electricity generation from nuclear sources as a share of total electricity 
generation was 14.6% in Canada, 79.1% in France, 27.9% in Japan, 19.8% in Spain, 45.7%in Sweden, 40.4% in 
Switzerland, 20.9% in the UK, and 19.0% in the USA. In this period, electricity generation from nuclear power plants 
declined from 6.2% in 1975 to 4% in 2005.  



2nd International Conference on Theoretical and Experimental Studies in Nuclear Applications and Technology 

 
TESNAT 2016               Hatay, Turkey 129 

 

Fig. 1. Electricity production from nuclear sources (% of total electricity production) [10]. 

Many countries, nuclear energy sources are believed to provide some solutions to the problems of energy security and 
climate change. Therefore, they are investing innuclear energy not only to reduce dependence on imported oil but also to 
increase the supply of secure energy, tominimize the price volatility associated with oil imports and toreduce greenhouse 
gas emissions [4,9].  

Turkey’s Nuclear Energy Policies 

Turkey is a rapidly developing country and currently the world’s 16th biggest economy and Turkey’s energy profile is 
mostly included of fossil fuels, which are oil, natural gas, and coal [3]. Recently, Turkey’s energy consumption is 
increasing so energy sources should diversify with nuclear power plants and renewable energy sources. Currently, more 
than 55% of Turkish electricity generation is based on imported resources and this illustrations a cause of some concerns 
such as energy security, air pollutions, and economic development. Therefore, primary Turkey’s energy policies should 
be the securities of supply with decreasing dependence on energy imports. Because of these main concerns, the present 
study assumes that the nuclear power plants will have a positive impact in Turkish energy profile. The official goal is 5% 
electricity generation from nuclear power plants in 2020 [2]. 

Table 2. Primary advantages and disadvantages of nuclear energy for Turkey [13]. 

Advantages Disadvantages 
Assure the security of electricity supply. There is a potential danger because of radioactivity.  
Reduce greenhouse gas emissions. Nuclear power plants can be constructed in those areas.  
It helps improve the economy. Turkey does not have a comprehensive nuclear energy plan, for 

instance, lacks proper legal framework, uncertainties, lack of 
technology, no public consultation 

It provides a clean energy source. 
Nuclear power plants risk of accidents is very low. 
The world has a 100 years uranium reserve. There is high level operating and infrastructure cost. The power plants produce only water vapor. 
The power plants produce only water vapor. 

Seismic risk, for instance, The Akkuyu site is near an active 
Mediterranean earthquake zone. 

It is a more economical since the price of energy generated from the 
nuclear energy power plants is much cheaper than the other 
conventional power plants. 
Low greenhouse-gas emissions, along with minimalsocial and 
environmental damages. Lack of fossil fuel dependencies. 

 

The Turkish government decided to build two nuclear power plants, which are Akkuyu (Mersin) with Russiain the south 
coast of Turkey andSinop with Japan in the north coast of Turkey. Sinop nuclear plant is the country's second nuclear 
power plant after the projected Akkuyu nuclear power plant. Akkuyu nuclear project has an estimated investment cost 
approximately US$ 20 Billion. Akkuyu plant will have four 1200 MWe AES-2006 units. The plant is projectedto be paid 
off in 15 years. The first plant is planned to be operational in 2018 and the other plants will be active in 2019-2021. Sinop 
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nuclear project will be accompanied with EUR 1.7 billion and it will have a capacity of 5600 MWe and is estimated to 
have a whole cost nearly $20 billion.Third nuclear power plant is planning from the Turkish government because of it is 
highly reliable, generates high-level energy with no CO2 emission, sustainable, and there is small amounts of waste. 
Despite these, it is extremely radioactive and it has high building and waste disposal cost [3]. Furthermore, most people 
in Turkey are against having a nuclear power plant because of these risks and it is very difficult to convince people 
completely on the benefits of having a nuclear power plant.  

Conclusion and Policy Implications 

This study discussed Turkey’s nuclear energy policies by comparing closing down nuclear energy policies in the world. 
As discussed, developing countries such as Turkey is interested in nuclear power plants for energy security and 
environmental protection. Furthermore, nuclear power plant will provide sustainable electricity source and will develop 
a new technology for the country [1].  

On the other hand, there are main oppositions, which can be summarized as follows, 

• Accident risk and waste problems are main concerns by the public. For instance, Akkuyu nuclear plant is near the 
tourist region of the country and people do not want to build nuclear plant in that area.  

• Turkey is dependent on Russia’s energy sources and nuclear plants will help to reduce dependency. However, 
Akkuyu will build from Russia and they do not have any experience with earthquakes. Akkuyu is active earthquake 
zone.  

• Currently, 50% of electricity generation is from natural gas and 30% of electricity generation is from coal. To reduce 
fossil fuel dependency, Turkey should diversify energy sources with renewable energy sources and nuclear power 
plants [12].  

With the review previous studies, webelieve that nuclear power plants should be kept until the alternative energy sources 
become more significant share of Turkish energy. Nuclear power plants help reducing the environmental impacts of 
electricity generation, diminishes the dependence on outside energy market, increase security of supply, and increase 
advanced/new technology in Turkey.  

References 

[1] Aras, E. (2013), Energy Sources, Part B: Economics, Planning, and Policy8 (2):107-114.  
[2] Atiyas, I. Cetin, T. and Gulen, G. (2012).‘Reforming Turkish Energy Markets”, New York: Springer publishing. 
[3] Biresselioglu, M.E. (2012), Mediterranean Journal of Social Sciences, 3 (9): 207-214.  
[4] Deutch, J., et al., (2004), Survival, 46(4): 65-80.  
[5] Ferstl, R. Utz, S. and Wimmer, M. (2012), German Academic Association for Business Research 5(1): 25-41.  
[6] Hong, S. Brook, B.W. and Bradshaw, C. (2014), Energy Policy 74: 569–578 
[7] Kunsch, P. L. and Friesewinkel, J. (2014), Energy Policy, 66: 462-474. 
[8] McDonald, H. (2011) “Japan's shock vibrates around the world” Sydney Moring Herald, 26 March. 
[9] Menyah, K. and Wolde-Rufael, Y. (2010), Energy Policy 38: 2911-2915. 
[10] Menyah, K. and Wolde-Rufael, Y. (2010), Energy Economics 32: 550-556. 
[11] Netzer, N. and Steinhilber, J. (2011), “The End of Nuclear Energy?International Perspectives after Fukushima”, Global Policy and 

Development 3. 
[12] Sahin, U. (2011), “The end of nuclear energy? International perspectives after Fukushima - Country Perspective: Turkey”, 

http://library.fes.de/pdf-files/iez/08289.pdf, [19.04.2016]. 
[13] Topal-Namli, H. and Namli, S. S. (2014), “Nuclear Power in Turkey: Pros and Cons”,The 2014 WEI International Academic Conference 

Proceedings New Orleans, USA. 
[14] Wittneben, B.B.F. (2012), Environmental Science & Policy 15(2012): 1-3. 
[15] World Nuclear Association, (2016), “World Nuclear Power Reactors & Uranium Requirements”, http://www.world-nuclear.org/information-

library/facts-and-figures/world-nuclear-power-reactors-and-uranium-requireme.aspx, [13.04.2016].  
  



2nd International Conference on Theoretical and Experimental Studies in Nuclear Applications and Technology 

 
TESNAT 2016               Hatay, Turkey 131 

List of Authors 

A. AYDIN....................................................... 21, 54, 57 
A. BOZKURT .............................................................. 7 
A. BULBUL ..................................................... 114, 125 
A. GHALE ASADI ...................................................... 9 
A. KAPLAN ................................................... 33, 39, 93 
A. KARA .............................................................. 62, 73 
A. YILMAZ ............................................................... 80 
A.A. GOK .................................................................. 59 
A.Z. BOZKIR ............................................................ 18 
B. CETİN ................................................................... 44 
B. CETIN ................................................................. 100 
B. DEMIR ................................................................ 103 
B. KOVAN ............................................................... 103 
B. TANRIOVER ..................................................... 128 
C. TURKMEN ......................................................... 103 
D. TUNCMAN GENC ............................................ 103 
D. TURECI ................................................................ 18 
E. TEL .................................................... 15, 51, 59, 125 
F. KILINC ................................................................. 44 
G. KAYA .................................................................... 48 
H. ALKANLI ............................................................. 51 
H. KORKUT ........................................................ 62, 73 
H. OZDOGAN ............................................... 33, 39, 93 
H. OZTURK ............................................ 110, 117, 121 
H. SABRI ..................................................................... 9 
H. YUCEL ................................................................. 84 
I. BOZTOSUN ........................................................... 90 
I. DEMIRKOL .......................................................... 68 

I.H. SARPUN ........................................... 21, 51, 54, 57 
L. POYRAZ ............................................................. 103 
M. DEPEDELEN ...................................................... 59 
M. GUNAY .......................................................... 24, 29 
M. KARADAG .......................................................... 84 
M. OZGEN .............................................................. 125 
M. SEKERCI ................................................. 33, 39, 93 
M. YAVUZ ................................................................. 48 
M. YIGIT ............................................................. 12, 15 
M.E. KORKMAZ ...................................................... 90 
M.G. BUDAK ............................................................ 84 
N. FOULADI ............................................................... 9 
N. KARPUZ ............................................................... 44 
N. KILINC-ATA ..................................................... 128 
O. AGAR .................................................................... 90 
O. CULFA .................................................................. 90 
O. EGE ............................................................. 117, 121 
O. JABBARZADE ...................................................... 9 
O. SELCUK ZORER ................................................ 97 
R. BALDIK ................................................................ 80 
R.G. TURECI ............................................................ 18 
S. OZAVCI .............................................................. 100 
S. SAHIN BAL .......................................................... 97 
T. KORKUT ........................................................ 62, 73 
T. TILKI .................................................................... 48 
T.A. YESIL ................................................................ 48 
V. CAPALI .............................................. 33, 39, 48, 93 

 


	ön kapak
	tesnat2016

