
Nuclear Engineering and Technology 55 (2023) 4026–4031

Available online 23 July 2023
1738-5733/© 2023 Korean Nuclear Society. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Original Article 

A study on (n, α) reaction cross sections using a new empirical systematic 

Sema Küçüksucu a, Mustafa Yiğit b,* 
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A B S T R A C T   

In this article, we report a new empirical formula for quick calculation of cross sections of (n, α) reactions with 
14–15 MeV neutrons. Cross sections are analysed in terms of the compound nucleus model. A systematic trend 
for 14–15 MeV neutrons is found in the variation of (n, α) reaction cross sections with the parameters (N − Z +
1), (En + Q)

0.5 and N/Z. The empirical relation between the cross sections and these parameters has been ob-
tained, which give fairly good fits with the experimental data. We have also investigated the odd-even effects on 
(n, α) cross sections considering binding energy systematic of the shell model. The present formula is very useful 
in predicting of the (n, α) cross sections, where the measurements are not available as well as in testing new 
experimental data.   

1. Introduction 

Nuclear reaction cross section data are essential ingredients in a wide 
range of applications, including the fission/fusion systems, accelerator 
driven systems, medical radionuclide production, radiation therapy, 
astrophysics, [1–7]. Cross section data for individual isotopes at 
particular incident energies for a given reaction can be measured 
experimentally, or else they are predicted by various nuclear 
model-based calculations and empirical/semi-empirical systematics. An 
experiment usually provides a single cross section value at a particular 
incident energy or at most, cross section behaviour at a rather limited 
energy region. Thereby, a very large number of experiments are required 
to obtain sufficient cross section data. Performing such a large number of 
nuclear reaction experiments is a very costly task, especially when we 
consider that experimental data are not available in some energy ranges. 
Therefore, it is very popular today to resort the theoretical calculations 
and the systematics in the cross section behaviour of nuclei with similar 
characteristics, especially in term of obtaining data quickly and being 
less costly [8–13]. The reliable nuclear models and computer programs 
are needed for theoretical calculations. The incident neutrons with 
14–15 MeV energies are enough to excite the nucleus for nuclear re-
actions such as (n, 2n), (n, α), (n, p), (n, t) and (n, d). At this energy range, 
the reaction cross section data and particle emission spectra are very 
important in understanding the basic nucleon-nucleus interaction, the 
binding energy systematics, refined reaction models and nuclear struc-
ture [14,15]. Actually, although extensive researches on cross sections 

of neutron-induced reactions continue, there is still lack of data in some 
reaction channels. For example, experimental studies on cross section of 
(n, α) reactions induced by neutrons at energies of 14–15 MeV are quite 
limited. In addition, some existing experimental results contradict each 
other. In fact, there is large discrepancy among some experimental 
values by a factor more than 2. Therefore, experimental values by 
theoretical analyses should be tested and further experiments should be 
guided [16,17]. The (n, α) reactions may contribute a large fraction of 
the gas production on the reactor materials and components. As a result, 
(n, α) cross section calculations at these incident energies play a 
fundamental role for the design and optimisation of fusion power re-
actors, including the evaluation and verification of their nuclear per-
formance. In recent years, much theoretical effort has focused on the 
study of data evaluations using empirical formulas for the cross sections 
of (n, α) nuclear reactions [18–20]. Cross section systematics of 
neutron-induced reactions are mostly based on the asymmetry param-
eter (S––(N − Z)/A). However, various systematics have also been 
established depending on nuclear parameters such as (2Z − 1)/A, (N − Z 
+ 1)/A, (Z − 1)/A1/3, A1/2 and the reaction threshold energy Eth and the 
reaction Q − value. Furthermore, accurate definitions of cross sections 
using the systematics can also be obtained by considering shell and 
pairing effects. In this study, a new empirical formula based on statistical 
theory will be developed for (n, α) reactions with 14–15 MeV neutrons 
(see Table 1). 
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2. Empirical formulas for neutron-induced reaction cross 
sections 

It has long been known that neutron-induced reaction cross sections 
vary rather smoothly with the atomic number (Z), neutron number (N) 
and mass number (A) of target nucleus. Therefore, the systematics are 
mostly based on various nuclear parameters such as (N − Z)/A, (2Z − 1)/ 
A, (N − Z + 1)/A, (Z − 1)/A1/3 and A1/2. The effects attributable to these 
parameters as well as to the shell and pairing effects on the cross section 
data have been also observed [21–24]. Vogt et al. [25] has demonstrated 
that single- and two-nucleon separation energies can be parametrized by 
a simple empirical systematics using the ratio N/Z. According to Vogt 
et al. [25], all single- and two-nucleon separation energies have a 
N/Zdependence. The underlying physical reason of the N/Z dependence 
is that separation energies of isotonic and isotopic nuclei of a given 
parity type (even-even, odd-even, even-odd or odd-odd) follow linear 
systematics within each shell region if plotted against Z and N, 

respectively [25,26]. It is known that the reaction cross sections are very 
sensitive to the separation energies. Therefore, the target neutron to 
proton ratio N/Z is one of the parameters that affect the formation and 
decay of compound nuclei into different exit channels. Several studies 
have shown that the ratio N/Z is an effective factor influenced consid-
erably the reaction dynamics and the fragment production of the 
heavy-ion reactions [27,28]. We demonstrate the ratio N/Z dependence 
for the (n, α) cross sections in this study. 

The empirical cross section systematics of (n, α) reactions induced by 
14–15 MeV neutrons in literature were proposed using the evaporation 
model in the framework of the statistical theory to nuclear reactions. 
The empirical cross sections of nuclear reactions produced by fast neu-
trons can be approximately described by the following formula 

σ(n, x) = Cσneexp[as] (1) 

here the a and C denote the fitting parameters. The term s is asym-
metry parameter and is equal to (N − Z)/A. The exponential expression 
in Equation (1) has a strong asymmetry parameter dependence and it 
represents the escape of the compound nucleus products of nuclear re-
action. The term σne represents the neutron non-elastic cross section. It 
shows the non-elastic interaction between the projectile with target. It is 
given as follows 

σne = πr2
0(A

1/3 + 1)2 (2) 

here the term r0 corresponds to the nuclear radius constant. Equation 
(1) is the most widely used systematic for cross section predictions of 
nuclear reactions with 14 MeV energy. This equation represents the 
Levkovskii formula [29–36] which is obtained from the statistical model 
and a semi-empirical mass equation. Levkovskii’s empirical formula has 
been used in many articles for different reaction channels and incident 
particles. Lu and Fink [37] demonstrated the applicability of the con-
stant nuclear temperature approximation in the cross section calcula-
tions of statistical model of (n, 2n), (n, p) and (n, α) reactions of neutrons 
with 14.4 MeV energy on medium-Z target nuclei. According to Lu and 
Fink [37], the exponential dependence of asymmetry parameter on cross 
sections in Levkovskii’s empirical formula may be obtained from the 
statistical model with a constant temperature level density formula and 
a semi-empirical mass formula. Bansal and Mohindra [38] obtained the 

Table 1 
Comparison among the fitting processes made by using Eq. (8) under four 
different assumptions in this study.  

Assumption Mass Region Fitting parameters χ2 F/N 

first 13 ≤ A ≤ 208 (All nuclei) a = 3.95E10; b =
− 20.18 

7.88 0.37 

second 13 ≤ A ≤ 144(N/Z ≤ 1.40) a = 8.53E10; b =
− 20.88 

6.15 0.32 

133 ≤ A ≤ 208(N/Z ≥
1.41) 

a = 3.66E10; b =
− 20.01   

third 16 ≤ A ≤ 208 (Even-A) a = 2.56E10; b =
− 19.69 

4.28 0.25 

13 ≤ A ≤ 205 (Odd-A) a = 1.59E10; b =
− 19.62   

fourth 16 ≤ A ≤ 150 (N/Z ≤ 1.42 
Even-A) 

a = 4.39E10; b =
− 20.19 

1.46 0.16 

138 ≤ A ≤ 208 (N/Z ≥ 1.43 
Even-A) 

a = 7.99E9; b =
− 18.74   

13 ≤ A ≤ 115 (N/Z ≤ 1.35 
Odd-A) 

a = 1.75E11; b =
− 21.67   

133 ≤ A ≤ 205 (N/Z ≥ 1.41 
Odd-A) 

a = 4.83E15; b =
− 28.11    

Fig. 1. Fitting with first assumption of the (n, α) cross sections for all target nuclei 13≤ A ≤ 208 at 14–15 MeV energy.  
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empirical formulas for cross sections of (n, t), (n, d) and (n,3He) reactions 
at neutron energies around 14 MeV. They observed the shell effects at 
magic nucleon numbers for the (n, t), (n, d) and (n,3He) cross sections. A 
semi empirical formula with six parameters on the basis of analytical 
expressions for the evaluation of the proton spectrum using evaporation 
and pre-equilibrium exciton models is derived by Konobeyev and Kor-
ovin [39] for the predictions of cross section of (n, p) reactions at 14.5 
MeV energy. Belgaid and Asghar [40] proposed a semi empirical sys-
tematic in evaluating the (n, α) cross section values for 120 nuclei with 
39 ≤ A ≤ 209 at 14.5 MeV energy. Their systematic is based on the 
evaporation model and uses the Droplet model of Myers and Swiatecki 
for the reaction energy Q(n, α). An empirical formula on (n, α) reaction 
cross sections at the 14.5 MeV neutron energy is proposed by Atasoy 
et al. [41] using the cross sections for 40 nuclides in the mass region of A 
= 9 to 42. Their formula is derived by fitting the experimental cross 
sections as a function of the parameters (N − Z) and (14.5 − Eth)

1/3. 
Here, the terms Eth and (N − Z) are the reaction threshold energy and the 

neutron excess of target nucleus, respectively. Their empirical equation 
was given as follows 

σn,α = ae− b(N− Z)(14.5 − Eth)
1/3 (3)  

here the fitting parameters a and b were determined by least-squares 
fitting as follows: 

a = 65.034; b = 0.34 for 0 < (N − Z) ≤ 8
a = 12.1; b = 0.089 for 9 ≤ (N − Z) ≤ 43 (4) 

Fuga [42] derived an empirical formula for predictions of (n, α) cross 
sections on target nuclei with 19 ≤ A ≤ 238 at 14.5 MeV energy. This 
formula based on mass number A, asymmetry parameter (N − Z)/A and 
the parameter (14.5 − Eth)

1/3 can be given as below 

σn,α = 18A1/2(14.5 − Eth)
1/3exp− 30(N− Z)/A (5) 

For the cross sections of (n, α) reactions with 14 MeV neutrons, the 

Fig. 2. Fitting for the second assumption of the (n, α) cross sections at 14–15 MeV energy. (a) for target nuclei with N/Z ≤ 1.4 and 13≤ A ≤ 144. (b) for target nuclei 
with N/Z ≥ 1.41 and 133≤ A ≤ 208. 

Fig. 3. Comparison of cross section of odd-A and even-A target nuclei of (n, α) cross sections at 14–15 MeV energy.  
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empirical systematic proposed by Kumabe and Fukuda [43] modifying 
Levkovskii’s formula can be given as follows 

σn,α = aAbexp[− c(N − Z) /A] (6)  

here the a, b and c are fitting parameters which are determined by least- 
squares fitting to experimental cross sections. Their empirical formulas 

were derived separately in three ranges of mass number 30 ≤ A ≤ 60, 61 
≤ A ≤ 105 and 106 ≤ A ≤ 140. The fitting parameters a, b and c were 
determined separately for each of the above three mass regions. 
Empirical formulas which are based on the statistical model for calcu-
lating the cross sections of (n, α) reactions at 14.5 MeV energy were 
proposed by Habbani and Osman [44] as follows: 

Fig. 4. Fitting for the third assumption of the (n, α) cross sections at 14–15 MeV energy. (a) for even-A target nuclei with 16≤ A ≤ 208. (b) for odd A target nuclei 
with 13≤ A ≤ 205. 

Fig. 5. Fitting for the fourth assumption of (n, α) the cross sections at 14–15 MeV energy. (a) for even-A target nuclei with N/Z ≤ 1.42 and 16 ≤ A ≤ 150. (b) for 
even-A target nuclei with N/Z ≥ 1.43 and 138 ≤ A ≤208. (c) for odd-A target nuclei with N/Z ≤ 1.35 and 13 ≤ A ≤115. (d) for odd-A target nuclei with N/Z ≥ 1.41 
and 133 ≤ A ≤205. 
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σn,α = 3.6(A1/3 + 1)2exp[− 25(N − Z − 3)/A]
26 ≤ A ≤ 238; even − A

σn,α = 35(A1/3 + 1)2exp[− 37.714(N − Z)/A]
27 ≤ A ≤ 209; odd − A

(7) 

Theirs formulas explicitly take into consideration the odd-even ef-
fects and Q-value dependence. 

3. Results and discussion 

Most of the experimental studies on the cross sections of (n, α) nu-
clear reactions are in the energy range of 14–15 MeV. So, the cross 
section calculations in this energy range have an important place in 
nuclear reaction physics. In this work, a new empirical systematic based 
on the nuclear parameters (N − Z + 1), (En + Q)

0.5 and N/Z for cross 
sections of (n, α) reactions in energy range of 14–15 MeV has been ob-
tained by taking into account the compound nucleus model. This sys-
tematic contains the exponential dependence on N/Z for (n, α) cross 
sections. Here, we propose that a good fit for predicting the (n, α) re-
action cross sections at 14–15 MeV is carried out by the following 
systematic: 

σn,α = a(N − Z + 1)*(En + Q)
0.5exp(b*N / Z) (8)  

here, a and b are the fitting parameters. 
The experimental cross section data taken from Ref. [45] in the 

14–15 MeV energy range are used for obtaining a new empirical formula 
in the present work. The fitting parameters were determined on 103 
experimental data in a wide range of target nuclei with mass number A 
= 13 to 208 and atomic number Z = 6 to 82. The fitting process has been 
carried out by using Eq. (8) under four different assumptions of the mass 
regions, N/Z parameter values, and even-odd nuclei character. Nine 
pairs of the (a, b) fitting parameters for four different assumptions are 
given in Table I. Table I also presents the χ2 and F/N values for the 
comparison of the present assumptions. The obtained systematics under 
four assumptions are shown in Figs. 1–5, where 
σn,α/[(N − Z+1)*(En + Q)

0.5
] is plotted versus the neutron to proton ratio 

N/Z for all target nuclei. A striking correlation between these two 

parameters can be seen at Figs. 1–5 along with the values R-squared. The 
cross sections of (n, α) reactions at 14–15 MeV appear to decrease 
exponentially with increasing the neutron to proton ratio N/Z. Thereby, 
a strong exponential dependence on the N/Z was observed in calculating 
the (n, α) reaction cross sections. The first assumption was obtained for 
103 experimental data with the mass numbers of A = 13–208, and was 
presented in Fig. 1. As can be seen in Fig. 1, a relatively acceptable fit is 
found for the (n, α) reaction channel at 14–15 MeV energy. The χ2 and 
F/N values corresponding to the description of experimental values from 
the first assumption are equal to 7.88 and 0.37, respectively. The quality 
of fits was tried in order to improve using different approaches. In this 
context, the second assumption considered in this work, is the one, 
which relates the low and high values of the ratio N/Z. When the 
determination of such a limitation for the ratio N/Z, the agreement is 
much improved, as seen in Fig. 2 and in Table I. The χ2 and F/N values 
for the second assumption are equal to 6.15 and 0.32, respectively. On 
the other hand, the odd-even effects were observed in the cross sections 
of (n, α) reaction at 14–15 MeV energy. Fig. 3 presents the dependence of 
the cross sections on the rate N/Z for even-A and odd-A nuclei at 14–15 
MeV energy. As can be seen in Fig. 3, the curve of even-A nuclei is 
located above that of odd-nuclei. Thus, the fitting procedure for the third 
assumption was carried out by taking into account the effects of even-A 
and odd-A nuclei based on the rate N/Z, as seen in Fig. 4 The χ2 and F/N 
values for this assumption are equal to 4.28 and 0.25, respectively. 
Finally, the possibility that the fits could be improved by taking into 
account the both the magnitude of ratio N/Z and the odd-even effects 
was examined. A good fit for obtaining the fourth assumption is given in 
Fig. 5. The values χ2 and F/N calculated from this assumption are equal 
to 1.46 and 0.16, respectively. As a result, the fitting of experimental 
data made by taking into account the magnitude of ratio N/Z and the 
odd-even effects did reduce χ2 and F/N considerably. In addition, the 
fourth assumption shows generally a better R-squared as compared to 
the others shown in Figs. 1–5. The ratio of the experimental data to the 
calculated results for the target nuclei used in this work is shown in 
Fig. 6. The predictions of final assumption give better agreement with 
experiment data than other three assumptions obtained from this work. 
The ratios of the fourth assumption are in the region of 0.71–1.89. 

Fig. 6. Comparison of (n, α) cross sections predicted from four assumptions in the present work with experimental data at 14–15 MeV energy.  
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4. Conclusion 

In this paper, a new empirical formula has been derived to system-
atise the cross section data of (n, α) reactions at 14–15 MeV. The present 
formula leads to a significantly low values of χ2 and F/N and, so it gives a 
good agreement with the results of available experimental measure-
ments of (n, α) reactions at 14–15 MeV. The (n, α) cross sections are 
found to be strongly dependent on the neutron to proton ratio N/Z in the 
exponential term of the empirical systematics. As a result, it has been 
shown that N/Z is a good parameter to describe the variation of (n, α) 
cross sections. Additionally, we point out that the dependency of odd- 
even effects on (n, α) cross sections is very clear. Therefore, a good 
fitting for (n, α) reaction cross section data is obtained from the 
empirical formula under fourth assumption taking into account the 
magnitude of ratio N/Z and the odd-even effects. It can also be stated 
that the presence of extended experimental data in the range of N =
7–126 in the present study causes an increase in the goodness of fit, as 
well as a comparative analysis of various results. As a result, this formula 
can be considered to provide a very useful practical tool for predicting 
the cross sections of (n, α) reactions with 14–15 MeV energy. 
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[12] H. Özdoğan, Y.A. Üncü, M. Şekerci, A. Kaplan, Mod. Phys. Lett. 36 (2021), 

2150168, https://doi.org/10.1142/S0217732321501686. 
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