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Abstract In the next century the world will face the need
for new energy sources. Nuclear fusion can be one of the
most attractive sources of energy from the viewpoint of
safety and minimal environmental impact. Fusion will not
produce CO, or SO, and thus will not contribute to global
warming or acid rain. Achieving acceptable performance
for a fusion power system in the areas of economics, safety
and environmental acceptability, is critically dependent on
performance of the blanket and diverter systems which are
the primary heat recovery, plasma purification, and tritium
breeding systems. Tritium self-sufficiency must be main-
tained for a commercial power plant. The hybrid reactor is
a combination of the fusion and fission processes. For self-
sustaining (D-T) fusion driver tritium breeding ratio should
be greater than 1.05. So working out the systematics of
(n, ) reaction cross-sections are of great importance for the
definition of the excitation function character for the given
reaction taking place on various nuclei at energies up to
20 MeV. In this study, we have calculated non-elastic
cross-sections by using optical model for (n, ) reactions at
14-15 MeV energy. We have investigated the excitation
function character and reaction Q-values depending on the
asymmetry term effect for the (n, f) reaction cross-sections.
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We have obtained new coefficients for the (n, f) reaction
cross-sections. We have suggested semi-empirical formu-
las including optical model nonelastic effects by fitting
two parameters for the (n, f) reaction cross-sections at
14-15 MeV. We have discussed the odd—even effect and
the pairing effect considering binding energy systematic of
the nuclear shell model for the new experimental data and
new cross-sections formulas (n, f) reactions developed by
Tel et al. We have determined a different parameter groups
by the classification of nuclei into even—even, even—odd
and odd-even for (n, f) reactions cross-sections. The
obtained cross-section formulas with new coefficients have
been discussed and compared with the available experi-
mental data.
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Introduction

Nuclear fusion is one of the most attractive long term
energy options. There is an essentially unlimited fuel
supply, deuterium from the ocean and tritium from trans-
mutation of lithium using neutrons produced in the D-T
fusion reaction [1]. In the hybrid reactor the fusion plasma
is surrounded with a blanket made of the fertile materials
(U%8 or Th**) to convert them into fissile materials (Pu**°
or U?*) by transmutation through the capture of the high
yield fusion neutrons [2-5]. The fertile materials may also
undergo a substantial amount of nuclear fission, especially,
under the irradiation of the high energetic 14.1 MeV-(D, T)
neutrons. Tritium self-sufficiency must be maintained for a
commercial power plant. For self-sustaining (D-T) fusion
driver tritium breeding ratio should be greater than 1.05.
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So, working out the systematics of (n, f) reaction cross-
sections is of great importance for the definition of the
excitation function character for the given reaction taking
place on various nuclei at energies up to 20 MeV.

Neutron irradiation produces significant changes in the
mechanical and physical properties of each of structural
fusion material systems raising feasibility questions and
design limitations. A focus of the research and develop-
ment effort is to understand these effects, and through the
development of specific compositions and microstructures,
produce materials with improved and adequate perfor-
mance [1, 5]. The neutron scattering cross-sections and the
emission differential data have a critical importance on
fusion reactor (and in the fusion—fission hybrid reactor)
neutronics. These data can be extensively used for the
investigation of the structural materials of the fusion
reactors, radiation damage of metals and alloys, tritium
breeding ratio, neutron multiplication and nuclear heating
in the components, neutron spectrum, and reaction rate in
the blanket and neutron dosimetry. There are several new
technological applications on the fields of fast neutrons
such as accelerator driven incineration/transmutation of the
long-lived radioactive nuclear wastes into short-lived or
stable isotopes [6, 7]. Especially, in accelerator driven
subcritical systems for fission energy production and/or
nuclear waste transmutation as well as in intermediate-
energy accelerator driven neutron source, ions and neutrons
with energies beyond 20 MeV, the upper limit of existing
data files that were produced for D-T fusion applications,
will interact with materials. As well, there can be found
several biomedical applications i.e., production of radio-
isotopes and cancer therapy.

Because of above mentioned cases, it is needed to form
new data about the cross-sections of nuclear reactions for
the energy up to 20 MeV [8, 9]. Therefore, more many
experiments have been carried out to obtain and detect
neutrons for different energy ranges. For an instance, the
method of energy measurement by means of velocity
determination is a widely used technique and known as
time of flight (TOF) [10]. Additionally, obtained data from
various techniques are necessary to develop more nuclear
theoretical calculation models in order to explain nuclear
reaction mechanisms and the properties of the excited
states for different energy ranges. Furthermore, the exper-
imental cross-section data of neutron around 14-15 MeV
energy and particle emission spectra have a profound
importance for understanding the binding energy system-
atics, the basic nucleon—nucleus interaction, nuclear
structure and refined nuclear models.

In this study, we have investigated the excitation func-
tion character and reaction Q-values depending on the
asymmetry term effect for the (n, ) reaction cross-sections
at 14-15 neutron incident energy. We have calculated
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non-elastic cross-sections using optical model for (n, )
reactions. We have obtained new coefficients for the (n, f)
reaction cross-sections at 14—15 MeV energy. We have
suggested new semi-empirical formulas including optical
model nonelastic effects by fitting two parameters for the
(n, t) reaction cross-sections at 14—15 MeV. The coeffi-
cients were determined from by least-squares fitting
method. We have discussed the odd—even effect and the
pairing effect considering binding energy systematic of the
nuclear shell model for the new experimental data and new
cross-sections formulas (n, f) reactions developed by Tel
et al. We have determined a different parameter groups by
the classification of nuclei into even—even, even—odd and
odd—even for (n, 1) reactions cross-sections. The obtained
cross-section formulas with new coefficients have been
discussed and compared with the available experimental
data.

Optical Model Non-Elastic Cross Section
Calculations

The non-elastic part of the interaction between the incident
particle and the target nucleus manifest itself as the reac-
tion cross-section. As a first approximation this interaction
is described by an optical potential, the imaginary part of
which leads to a finite reaction cross-section. In literature
the projectile-target interaction for target nuclei over the
periodic chart has been given in terms of global optical
parameter-sets [11].The reaction cross-sections generated
using these global parameters are employed in several
further calculations. In the statistical evaporation theory
and the pre-equilibrium model the break-up of the total
reaction cross-section into partial modes involving the
emission of one or more particles is described by emission
rate expressions which contain the cross-sections for the
inverse processes involving the emitted particle as a
function of energy [12, 13]. The cross-section for the
inverse process is the optical reaction cross-section of
the excited residual nucleus with the emitted particle as the
projectile. This is approximated as the optical nucleus with
the emitted particle as the projectile. This is approximated
as the optical reaction cross-section between the residual
nucleus in its ground state and the emitted particle. Thus
optical reaction cross-sections are required for the incident
channel at the projectile energy and for the exit channels
over the energy range of the emitted particles. The statis-
tical evaporation theory is a widely used description for
reactions at low energies. At energies in the range of
several tens of MeV the pre-equilibrium models have been
successful. Reaction cross-sections are also used in intra-
nuclear-cascade calculations [14] and in the calculation of
the nuclear reaction efficiency correction for detectors [15].
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Usually the optical reaction cross-sections at all the
required energies and particle-target combinations are
obtained bay a numerical solution of the Schrddinger
equation for several partial waves. This involves a large
amount of computation time. Also, where more than one
global optical potential appears in the literature for the
same projectile it is quite laborious to repeat the calcula-
tions for each of the sets to see the effect on the final
results. The form of the optical potential is [16],

U(r, E) = —=Uy(r, E) + V(r) + U (r) (1)

where V. is the Coulomb potential due to a uniformly
charged sphere with radius r., U, is the spin-orbit potential
and Uy is the complex central potential taken as,

Un(r, E) = VR(E)f (xg) + i[Wy (E)f (xv) + Ws(E)g(xs)]
(2)

where f(xz) = [1 +exp(xz)] " and xz = (r — rrA'3) [ ag,
glxs) = —4%?) (Woods—Saxon derivative) or exp(—xg)
(Gaussian).

Here xy and xg are defined in the same manner with
appropriate radius parameters rg, ry and diffuseness
parameters ag, ay. The spin-orbit potential Uy, is, given by,

Uso(r) = ii(lﬁ)%f(xso)‘/so (3)

rar

Using this form of the potential several extensive analyses
of differential elastic, polarization and reaction cross-sec-
tion data have been carried out by various workers result-
ing in global parameter sets [11, 17].

Systematic for Neutron Reaction Cross Sections
at 14-15 MeV

The reaction cross-sections applications of statistical and
thermodynamical methods to the calculation of nuclear
process for heavy nuclei go back to the fundamental work
of Weisskopf and Ewing [18]. On the other hand, a
number of empirical and semi-empirical formulas with
different parameters for cross-sections calculations of the
reactions (n, p), (n, 1), (n, o) and (n, 2n) at the different
neutron energies has also been proposed by several
authors [19-22] and Tel et al. [23] suggested using these
new experimental data to reproduce a new empirical for-
mula of the cross-sections of the (n, p) reactions. This for-
mula depends on the asymmetry parameter, s = (N—2)/A,
and has the pairing effect on the binding energy sys-
tematic of nuclear shell model. Tel et al. [23—29] obtained
a new appropriate coefficient by using this formula for
(n, 2n), (n, o), (n, d) and (n, t) reactions. Tel et al. [30]
also have investigated the asymmetry term effect for the
(p, no) reaction cross-sections and they have obtained

new coefficients for the (p, no) reactions at 24.8 and
28.5 MeV energies. Although these obtained parameters
by Tel et al. provide a means of fitting a number of such
cross-sections at 14—15 MeV, there are some cross-sec-
tions which deviate substantially from the obtained fit
results. In the lately work, Hadizadeh and Grimes [31]
examine straightforward extensions of the model to see if
the fit can be improved.

Empirical and semi-empirical formulae are applied for
the creation of systematic studies. Empirical expressions
contain the exponential dependence of cross-sections upon
the number of neutrons and protons in nuclei. The empir-
ical formulae use the evaporation model and ignore an
important role of the pre-equilibrium mechanism of parti-
cle emission for medium and heavy nuclei. But the semi-
empirical systematic are based on the use of analytical
expressions for calculation of particle emission within the
frame of pre-equilibrium exciton and evaporation models.
According to previous reports [21, 22, 32, 33] the cross-
sections for many nuclei significantly vary with the mass
number A, neutron number N and proton number Z of the
target nucleus. In addition, the attributable effects to
the asymmetry parameter, s = (N—Z)/A, as well as to the
isotopic, isotonic and odd—even properties of nuclei have
been observed in the data. The empirical cross-sections of
reactions induced by fast neutrons can be approximately
expressed as follows,

a(n,x) = Caye explas) 4)

where g, is the neutron non-elastic cross-section, and the
coefficients C and a are the fitting parameters determined
from least-squares method for different reactions. The non-
elastic cross-sections have been measured intensely for
many nuclides in the MeV range, enabling us to find out
their variation with atomic mass. The neutron non-elastic
cross-section is given by ©R?, where R is the nuclear radius
and

Tne = e (A3 4+ 1) (35)

where rp = 1.2 x 10~ Bcm

Equation 4 represents the product of two factors, each of
which might be assigned to a stage of nuclear reaction
within the framework of the statistical model of nuclear
reactions. The exponential term represents the escape of
the reaction products from a compound nucleus. It has a
strong (N—Z)/A dependence implied by Eq. 4. The mea-
sured cross-sections exhibit a large gradient for the lighter
masses (Z < 30) with increasing asymmetry parameter and
then become almost constant for medium and heavy mass
nuclei (starting from A < 100). Details on the results of the
best fitting parameters and the values of y* can be found
for (n, p), (n, a), (n, 2n), (n, d) and (n, t) reactions in Refs.
[23-29].
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Results and Discussions

In Fig. 1, we have shown the asymmetry parameter values
by depending up on the target nuclei mass number-A used
in this work. As can be obviously seen from Fig. 1, the
asymmetry parameter values have changed from 0.025 to
0.23 between A = 46 and 209. The asymmetry parameter
values exhibit a gradient and they are increasing with
increasing the target nuclei mass number-A from the
lighter masses nuclei to heavier mass nuclei. In Figs. 2
and 3, we have shown the asymmetry parameter values by
depending up on the (n, f) reaction Q-values and excitation
energy used in this work at 14-15 MeV. And also, we
have calculated non-elastic cross-sections by using optical
model for (n, t) reactions at 14—15 MeV energy in Fig. 4.
As can be obviously seen from Figs. 2 and 3, the reaction
Q-values and excitation energy values exhibit a gradient
and they are increasing with increasing the asymmetry
parameter values from the lighter masses nuclei to heavier
mass nuclei.

In Fig. 5, the (n, f) reaction cross-sections were classi-
fied according to odd—even properties by depending up on
asymmetry parameter. As can be obviously seen from
Fig. 5, the (n, f) reaction cross-sections separate with each
other (with relative to odd—even properties) with the raising
of asymmetry parameter. This case shows a pairing effect
by depending up on the target nuclei mass number-A. Since
there is not enough experimental data for the (n, f) reac-
tions, it has been determined two different parameter
groups by the classification of nuclei into the even Z—even
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Fig. 1 Asymmetry parameter values for the target nuclei mass
number-A used in this work
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Fig. 3 Compound nucleus excitation energies by depending up on
asymmetry parameter

N (for even-A) and odd Z—even N (for odd-A). As it can be
clearly seen from Fig. 4, the (n, ) reaction cross-sections
separate with each other due to increasing of the asym-
metry parameter.

Detailed investigations for (n, p), (n, ®), (n, 2n),
(n, d),(n, *He) and (n, f) reaction cross-sections have been
performed in previous studies [23-29]. In the present study,
we have calculated non-elastic cross-sections by using
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Fig. 5 Systematic of (n, ) reaction cross-sections (in ub) for even-Z,
even-N; odd-Z, even-N nuclides induced by 14-15 MeV neutrons.
Experimental data were taken from Refs. [8, 9, 35]

optical model for (n, f) reactions at 14—-15 MeV energy in
Table 1 and also we have suggested that the semi-empirical
cross-sections of reactions induced by neutron can be
approximately expressed as follows,

a(n,t) = Cope-opt €xplas], (6)

where x represents particles of the reaction produced. The
coefficients C and a are the fitting parameters determined

from the least-squares method. The 6o represents the
optical model neutron non-elastic cross-section. In this
work, the ope.op Neutron non-elastic cross-sections were
obtained by using the optical potential parameters of Ferrer
et al. [17]. The neutron non-elastic cross-section calcula-
tions have been made in the framework of the optical
model using SCAT 2 computer code [34].

We have used the number of 25 experimental (n, f)
reaction cross-sections data taken from Refs. [8, 9, 35] for
fitting procedure. We have used the nuclei which their
mass numbers change from A = 46 to 209, the atomic
numbers change from Z = 22 to 83 and also the neutron
numbers change from N = 24 to 126. Firstly, the fitting
parameters of empirical formula have been determined for
all target nuclei having mass number for the (n, ) reac-
tions cross-sections at 14-15 MeV (Fig. 6; Table 2).
Secondly, we have determined two different fitting
parameter groups by the classification of the target nuclei
into even—even and odd—even (Figs. 7, 8; Table 2). The
comparison of the first fitting and the second fitting
reaction cross-section formulae shows that the second
formulae proposed in our study give better description of
experimental data. From Table 2, it can be seen that there
is a better correlation because the R is higher than the
first fitting procedure. The maximum R® of the second
formula provide more close results to experimental data.
The second formula includes the odd-even (and even—
even) nuclei the pairing correction and this formula has
been taken into consideration to be the non-elastic cross-
sections using optical model. The coefficients C and a
were determined by the least-squares fitting method. The
obtained by fitting the two parameter for the (n, f) reac-
tions and R* values are given in the Table 2 and also in
Figs. 6, 7 and 8, respectively.

When the more experimental data for the neutron scat-
tering and emission differential cross-sections have been
obtained by using the new technology, it can be explained
more reliable results and developed more nuclear reaction
mechanisms and nuclear models. As a result, the present
kind of studies leads to improve and clarify the binding
energy systematic of the nuclear shell model and the esti-
mation of unknown data for the development of nuclear
reaction theories.

Summary and Conclusions

In this paper, we have calculated non-elastic cross-sections
by using optical model for (n, f) reactions at 14—15 MeV
energy. We have suggested semi-empirical formulas
including optical model nonelastic effects by fitting two
parameters for the (n, f) reaction cross-sections at
14-15 MeV. We have discussed the odd—even effect and
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the pairing effect considering binding energy systematic of
the nuclear shell model. We have determined a different
parameter groups by the classification of nuclei into even—
even and odd—-even for (n, f) reactions cross-sections. The
obtained empirical formulas by fitting two parameters for
the (n, f) reactions were given and the following conclu-
sions can be summarized as follows:

e The asymmetry parameter increases with increasing
relative mass number.

e The (n, t) reaction Q-values and the excitation energy
of compound nucleus increase with increasing the
asymmetry term.

e The optical model non-elastic cross-sections increase
with increasing the asymmetry term.

e The (n, f) reaction cross-sections decrease by the
increasing of the asymmetry parameter.

e A good fitting of the (n, f) cross-section values was
achieved by considering the pairing correction.

e The semi-empirical formulas better than the empirical
formulas for (n, f) reaction cross-sections.
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Fig. 7 Systematic of (n, ) reaction cross-sections (in ub) for even-Z,
even-N nuclides induced by 14-15 MeV neutrons. The experimental
points were fitted with (1, #) i _empirical = 0- 10(7ne opt €Xp[—12.69 5]
and correlation coefficient was determined as R* = 0.78. Experimen-
tal data were taken from Refs. [8, 9, 35]
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Fig. 8 Systematic of (n, f) reaction cross-sections (in ub) for odd-Z,
even-N nuclides induced by 14-15 MeV neutrons. The experimental
points were fitted with 4.130pe. sopt exp[—23.18s] and correlation
coefficient was determined as R* = 0.74. Experimental data were
taken from Refs. [8, 9, 35]

Table 2 The coefficients C and a, and the empirical and semi-empirical formulas for (n, f) reactions

c a a(n, x) = Cope-opt explas] R?

0.11 —7.88 (1, Dempirical = 0-110ne-opt €xp[—7.88s] All nuclei 0.13

0.10 —12.69 0.10 ope-opt exp[—12.695] EvenZ — EvenN 0.78
0n7t<mi—miri =

4.13 —23.18 (1, )semimpiica 4.13 ope-opt €xp[—23.185]  OddZ — Even N 0.74
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