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Abstract In fusion reactor structures, a serious damage
mechanism has been gas production in the metallic
resulting from diverse nuclear reactions, mainly through (n,
o) and (n, p) reactions above a certain threshold energy.
The neutron incident energy around 14-15 MeV is enough
to excite the nucleus for the reactions such as (n, p), (n, d),
(n, 2n), (n, t), and (n, o). Design of the fusion reactor, about
the 14-15 MeV neutron incident energy reaction cross
sections is of great importance for various target nuclei. In
this study, the experimental data have been taken only at
14-15 MeV energy regions from EXFOR database. The (n,
o) reactions for some structural fusion materials such as
27Al, 3 1V, 52Cr, 55Mn, 3Fe and *®Ni have calculated by
using evaluated empirical formulas developed by Tel et al.
at 14-15 MeV and calculated with the pre-equilibrium
models up to 20 MeV. The calculated results are discussed
and compared with the experimental data taken from
EXFOR database.
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Introduction

The fast-neutron induced reaction cross-section data have a
critical importance on fusion reactors and development for
fusion reactor technology [1-4]. In fusion reactor struc-
tures, a serious damage mechanism has been gas produc-
tion in the metallic resulting from diverse nuclear (n, p) and
(n, o) reactions above a certain threshold energy. The
hydrogen isotopes will diffuse out of metallic lattice under
high operation temperatures, but the o particles will remain
in the metal and generate helium gas bubbles [3]. There-
fore, the production of helium gas bubbles in the metal
crystal lattice will play an important role. Because, it will
cause swelling of the structure.

The hybrid reactor is a combination of the fusion and
fission processes. The fusion plasma is surrounded with a
blanket made of the fertile materials (U238 or Th*? 2) to
convert them into fissile materials (Pu23 ® or U3 ) by
transmutation through the capture of the high yield fusion
neutrons [2—-6]. 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.
So, working out the systematic of the 14—-15 MeV neutron
reaction cross sections is of great importance for the defi-
nition of the excitation function character for the given
reaction taking place on various nuclei at energies up to
20 MeV.

For neutron incident energy around 14—15 MeV, a large
number of cross sections formulas have been proposed by
several authors in the literature [7—11]. Tel et al. [12-18]
suggested using the new experimental data to reproduce a
new empirical formula of the cross-sections of the (n, p),
(n, 2n), (n, ), (n, d) and (n, 1) reactions. Tel et al. [19] also
have investigated the proton incident reaction cross sec-
tions and they have obtained new coefficients for the
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(p, no) reactions. In the lately work, Hadizadeh and Grimes
studied on the calculations of Tel et al. model [20]. And
also, Betak et al. [21] investigated the experimental (n,
p) cross sections of 1121178 jsotopes by using Tel et al.
and other researches’ formulas . Goyal and Kishore [22]
have been studied the empirical formulae with two
parameters for the evaluation of (n,x) reaction cross-sec-
tions . In this study, neutron incident reaction cross sections
for some for some structural fusion materials such as
T Al(n, o)**Na, >'V(n, 0)*Sc, >°Cr (n, o) **Ti, *>Mn(n,
a)SZV, SSpe (n, o) 3Cr, and 58Ni(n, o) 3Fe have been
calculated up to 20 MeV by using the equilibrium and pre-
equilibrium models. In these calculations, the pre-equilib-
rium calculations involve the new evaluated the geometry
dependent hybrid model, hybrid model and full exciton
model [23, 24]. The reaction equilibrium component was
calculated with a traditional compound nucleus model
developed by Weisskopf and Ewing [25]. Additionally in
the present work, the (n, o) reaction cross-sections have
calculated by using evaluated empirical formulas devel-
oped by Tel et al. at 14-15 MeV energy. The calculated
results are discussed and compared with the experimental
data taken from EXFOR database [26].

Theoretical Calculations Methods of Nuclear Reaction
Cross Sections

The nuclear reaction models are frequently needed to
provide the estimation of the particle-induced reaction
cross-sections, especially if the experimental data are not
obtained or on which they are hopeless to measure the cross-
sections due to the experimental difficulty. The nuclear
reaction model calculations performed includes the direct-
interaction, pre-equilibrium, and equilibrium (compound)
nucleus contributions. The direct-interaction reactions occur
on a very short time scale (about <107>? s). The compound
(equilibrium) nucleus reactions however occur on a very
much longer time scale (=107'° to 10™'® s). Pre-equilib-
rium processes play an important role in nuclear reactions
induced by light projectiles with incident energies above
about 8-10 MeV. The pre-equilibrium reactions occur on
time scale about ~107'8 to 107%° s (between direct and
equilibrium reaction time scale). The pre-equilibrium and
equilibrium emission spectrum are given in the full exciton
model [24],

czzzb(sb) = 0, (Einc)Dap(Einc) Z Wy (E, n, &)t(n), (1)

where D,,(E;,.) is a coefficient which takes into account
the decrease in the available cross-section due to the par-
ticle emission by direct interactions with low excitation

energy levels of the target nucleus. o,,;(E;,.) is the cross-
section of the reaction (a, b), W, (E,n,¢p,) is the probability
of the emission of a particle type b with energy ¢, from
a state with n excitons and excitation energy E of the
compound nucleus, t(n) is the solution of the master
equation which represents the time during which the sys-
tem remains in a state of n excitons.

The intra nuclear cascade calculations results indicated
that the exciton model gives only a prescription for cal-
culating the shape of the pre-equilibrium spectrum and the
exciton model deficiency resulted from a failure to properly
reproduce enhanced emission from the nuclear surface. In
order to provide a first order correction for this deficiency
the hybrid model was reformulated by Blann [27, 28]. The
hybrid model has been developed by Blann and Vonach
considered as density distribution of nuclei as geometry
dependent hybrid model (GDH) [29]. In the density
dependent version, the GDH model takes into account the
density distribution of the nucleus [29]. This means a
longer mean free path at the surface of the nucleus because
of a lower density, and a limit to the depth of the holes
below the Fermi energy. The differential emission spec-
trum is given in the GDH as

% = 172 f: 20+ DT Py (¢, ¢) (2)
=0

where 7 is the reduced de Broglie wavelength of the pro-
jectile and T represents the transmission coefficient for the
Ith partial wave. P,(¢, &) is number of particles of the type v
(neutrons and protons) emitted into the unbound continuum
with channel energy between ¢ and ¢ + de for the Ith
partial wave. The GDH model is made according to
incoming orbital angular momentum / in order to account
for the effects of the nuclear-density distribution.

Empirical Neutron Induced Reaction Cross-Section
Formulas at 14-15 MeV

The empirical cross-sections of reactions induced by fast
neutrons can be approximately expressed as follows:

o(n,x) = Ca,, explas] (3)

where g, is the neutron non-elastic cross-section, and the
C and a coefficients 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 nRz, where R is the nuclear radius
and

One = mre(AY? 1) (4)
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where, ro = 1.2 x 10™"3 cm and A is the mass number of
target nuclei. Equation 3 represents the product of two
factors, the 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 repre-
sents the escape of the reaction products from a compound
nucleus. It has a strong s = (N—Z)/A dependence implied
by Eq. 3, where N and Z are the neutron and proton number
of target nuclei, respectively.

Tel et al. [12-18] suggested using the new experimental
data to reproduce a new empirical formula of the cross-
sections of the (n, p), (n, 2n), (n, o), (n, d) and (n, ) reac-
tions at 14—15 MeV neutron incident energy . The Tel et al.
[14] (n, «) formulas for 20 < A < 239 target nuclei have
been given as follows (in mb) at E, = 14-15 MeV

a(n,o) =
14.43(A'/3 +1)*exp|—32.17s] for Even - Z,Even - N
19.41(A'/3 +1)*exp|—35.97s] for Even - Z,0dd - N
17.93(A'/3 +1)*exp[—34.04s] for Odd - Z,Even - N
(5)

Results and Discussion

The nuclear model software has become indispensible in
modern nuclear data evaluation. The adjustable parameters
of the nuclear model code should be fitted to reproduce the
experimental data available for the nucleus under study. In
this study, the theoretical calculations have been made in the
framework of the full exciton model using PCROSS com-
puter code [24]. The full exciton model calculations includes
the equilibrium and pre-equilibrium nucleus contributions in

Eq. 1. We used the standard Weisskopf-Ewing theory for
equilibrium calculations. The term equilibrium (compound)
reaction is commonly used for two different processes: (1)
capture of projectile in the target nucleus to form o com-
pound nucleus, (2) multiple emission from the chain of
excited residual nuclides following the binary reaction.
Equilibrium emission is calculated according to Weisskopf—
Ewing model [25] by neglecting the angular momentum. In
the equilibrium model, the basic parameters are binding
energies, inverse reaction cross-section, the pairing energy
and the level-density parameters. In the full exciton model
calculations, we used the initial exciton number as n, = 1 of
1 neutron and 0 hole: single particle level density parameter
gisequal to A/13 in the exciton model calculation, where A is
the mass number. Level density expression given by Dilg
[30] was used in the evaporation model calculation. Particle-
hole state density expression reported by Williams was used
in the pre-equilibrium model calculations [31]. The reaction
cross-sections and the inverse cross-sections were obtained
using the optical potential parameters by Wilmore et al. [32],
Bechetti et al. [33], Huizenga et al. [34] for neutrons, protons
and alpha particles, respectively. The octupolar and quad-
rupolar oscillations are only considered. The w,, f3,, values
for even nuclei have been taken from [35]. In the case of odd
nuclei, on the assumption of a weak bond, the values corre-
sponding to the neighboring even nucleus are used. The w;
value has been taken from [36]. The octupolar deformation
parameters have been calculated from

B3 = (22 + 1)ws[MeV]/1,000 (6)

The calculated results are compared with the experimental
data in Figs. 1, 2, 3, 4, 5, 6. The experimental taken from
EXFOR database [26]. In this study, ALICE/ASH code
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was used in the calculations of the hybrid and GDH model
[23]. The ALICE/ASH code is an advanced and modified
version of the ALICE codes. The ALICE/ASH code can be
applied for the calculation of excitation functions, energy
and angular distribution of secondary particles in nuclear
reactions induced by nucleons and nuclei with the energy
up to 300 MeV. The initial exciton number as n, = 3 and
the exciton numbers (for protons and neutrons) in the
calculations for neutron induced reactions as

(0wp/0mn)Z + 2N

3o = 22(0,,p/0',m)Z + 2N

(7)

73Xp = 2_3Xna

where ¢,, is the nucleon—nucleon interaction cross-section
in the nucleus. The ratio of nucleon—nucleon cross-sections

Neutron Incident Energy (MeV)

calculated taking into account to Pauli principle and the
nucleon motion is parameterized

Tpn/ Opp = Onp/ On
=1.375 x 107°T% — 8.734 x 1073T +2.776

(3)

where T is the kinetic energy of the projectile outside the
nucleus. In details, the other all code model parameters can
be found in [23].

In this study, (n,) reaction cross-sections for some
structural fusion materials such as 27A1, 3 ly, 52Cr, 55Mn,
e, and “®Ni have been calculated with the equilibrium
and pre-equilibrium reaction models at 14-15 MeV
energy are given in Table 1 and results are given in
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Figs. 1, 2, 3, 4, 5, 6 as a function of incident neutron
energy.

In Table 1, first column shows the names of nuclei
according to the target mass number. Equilibrium and full
exciton model calculations (with PCROSS) for 5-20 MeV
energy [24] are listed in the next two columns, respec-
tively. Hybrid and GDH model calculations (with ALICE/
ASH) [23] are given in the fourth and fifth columns,
respectively. Similarly, the data obtained with hybrid and
GDH model were given for 5-20 MeV energy. Data from
the empirical formula developed by Tel et al. [14] are given
in the sixth column. The some experimental data taken
from EXFOR [26] between 14 and 15 MeV are given in
final column. As mentioned in previous paragraph, the

@ Springer

Neutron Incident Energy (MeV)

calculated results are compared with the experimental
data in Figs. 1, 2, 3, 4, 5, 6. The experimental taken from
EXFOR [26] are shown with different symbols in Figs. 1, 2,
3, 4,5, 6. The cross-section obtained from empirical for-
mula developed by Tel et al. [14] at 14-15 MeV energy is
also given with equilateral quadrangle in these all figures.

The comparison of the calculated cross-section of
27 Al(n, «)**Na reaction up to 5-20 MeV is given in Fig. 1.
As seen from the Fig. 1, the experimental data were
obtained thirteen different authors from EXFOR [26]. All
experimental data for ’Al(n, «)**Na are higher than four
theoretical models. The hybrid model is harmonious with
some experimental data (for example Mani et al. and
Lapenas et al. [26]) at ~15.5 MeV energy. From the
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empirical formula developed by Tel et al. [14] cross-sec-
tion value is 81.31 mb at 14-15 MeV and this cross-sec-
tion is almost consistent with GDH model at this energy
interval.

The comparisons of the calculated cross-sections of
>V (n, o)*®Sc reaction up to 20 MeV is given in Fig. 2. The
experimental data from EXFOR [26] were obtained from
eight different researches. The experimental energy values
between 13.57 MeV and 16.20 MeV have the cross-section
changing from 14.23 mb (Ikeda et al. 1988) to 19.80 mb
(Remier et al. 2002), respectively. All four model calcu-
lations at energy region up to 14-15 MeV are in good
agreement with the experimental data for alpha induced
reactions in this study. The cross-section from the empir-
ical formula developed by Tel et al. [14] is determined to
be 14.12 mb at 14-15 MeV and this cross-section is almost
consistent with both experimental data and theoretical
models (especially, Equilibrium model calculations).

Figure 3 shows comparisons of the calculated cross-
sections of >2Cr(n, «)*Ti reactions up to 5-20 MeV. We
were able to find only three experimental data from dif-
ferent researches from EXFOR [26]. From these data, we
see that their cross-section values are higher than all four
theoretical models. From Table 1, these cross-sections are
41.00 mb by Grimes et al. (1979), 40.20 mb by Dolya et al.
(1973), and 44.00 mb by Fischer et al. [26] (detail infor-
mation can be found at). The cross-section from the
empirical formula developed by Tel et al. [14] was found to
be 27.21 mb at 14—15 MeV energy. This cross-section was
found lower than all experimental data but is close to the
theoretical models, especially with Equilibrium model
calculations.

5.0 10.0 15.0 20.0

Neutron Incident Energy (MeV)

Figure 4 shows the calculated cross sections of 55Mn(n,
%)>*V reactions up to 5-20 MeV. From EXFOR [26],
experimental data from eight different researches were
obtained. As seen from Fig. 4, the experimental data for
neutron induced reactions are in close agreement with all
four model calculations at energy region up to 14—-15 MeV
in this study. Especially, data from Filatenkov et al. [26] lie
between full exciton and equilibrium Models (PCROSS).
Moreover, data by Zupranska et al. [26] increases with
increasing energy between full exciton and equilibrium
Models and consistents with GDH model. It was found the
cross-section to be 18.73 mb at 14—15 MeV energy from
the empirical formula developed by Tel et al. [14] and is in
good agreement with the experimental data and theoretical
models, especially full exciton and equilibrium Model.

The calculated cross-sections of 56Fe(n,oc)5 3Cr reactions
up to 5-20 MeV is shown in Fig. 5. As seen from Fig. 5,
experimental data have been obtained from four different
researches using EXFOR [26]. The experimental data are
also agreement all four model calculations (especially
equilibrium model). As seen from Table 1, the cross-sec-
tion data for 56Fe(n,oc)53Cr from Tel et al. [14] was calcu-
lated to be 33.76 mb at 14-15 MeV from Tel et al. [14].
This is consistent with the calculation of GDH model (with
ALICE/ASH) at same energy interval.

Figure 6 shows the calculated cross-sections of **Ni(,
«)>’Fe reactions between 5 and 20 MeV. The experimental
data were obtained from nine different researches using
EXFOR [26]. The experimental cross-section data change
from 101.60 mb (Fessler et al. (1999) [26]) to 156.20 mb
(Dolya (1975) [26]) between 14.50 and 14.70 MeV energy,
respectively. The all experimental data are lying between
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Table 1 Experimental and

. . Equ. model
theoretical (n, o) cross-sections 4

Full ext. model

Hyb. model GDH model Tel et al.  Exp. results

(in mb) at 14—-15 MeV. The
experimental data taken from
[26]

27 Al(n,0) 53.03

SWi(n, «) 15.47

S2Cr(n, o)

24.83

5Mn (n, o)

26.53

5%Fe (n, o) 48.30

BNi (n, @) 130.90

48.39

15.01

17.65

22.86

33.17

103.12

96.69 84.20 81.31 111.80
110.60
112.00
114.20
111.00
113.90
16.63
14.20
16.56
17.30
14.80
15.80
36.00
40.20
44.00
23.50
24.00
25.20
27.70
22.00
23.30
46.00
51.80
44.00
41.00
101.60
105.00
125.00
109.90
106.00
121.00

21.14 19.56 14.12

23.38 21.77 27.21

33.16 30.62 18.73

39.53 36.68 33.76

85.92 79.11 112.90

full exciton and equilibrium Model calculations. The cross-
section from Tel et al. [14] empirical formula is 112.90 mb
at 14-15 MeV and is almost consistent with all experi-
mental data all model calculations.

Consequently, the empirical formulas use the equilib-
rium model and ignore an important role of the pre—equi-
librium mechanism of particle emission. The pre—
equilibrium calculations are in better agreement with the
experimental data than the empirical formulas. Because,
the pre—equilibrium systematic are based on the use of
analytical expressions for calculation of particle emission.
The empirical formulas given in Eq. 5, for the (n, o)
reaction can be considered to provide a very useful tool for
estimating quickly, in view of the poor agreement with
experiment sometimes provided by calculations based on
the semi-empirical systematic. This study helps to show the
way to the future experimental studies.

@ Springer

Summary and Conclusions

In this study, (n, o) reactions for some structural fusion
materials have been investigated up to 20 MeV incident
neutron energy. The calculated results have been also
compared with the available experimental values in liter-
ature. The results can be summarized and concluded as
follows:

1. The experimental cross-section values for 52Cr(n,
a)*Ti obtained from EXFOR reactions are higher
than all theoretical calculation models.

2. The calculated and experimental cross-sections are the
lowest for >'V(n, «)*®Sc reactions for the considered
nuclei in this study.

3. Except from *>Cr nucleus, the calculated pre-equilib-
rium and empirical reaction cross-sections formula
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show the agreement with experimental data for the
considered nuclei.

The empirical cross-section formula developed by Tel
et al. is almost consistent with pre-equilibrium and
equilibrium model at 14—15 energy interval considered
nuclei in this study

The empirical formulas for the (n, o) reaction can be

considered to provide a very useful tool for estimating
quickly at 14-15 energy interval.
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