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Abstract. The experimental data for (n, 2n) reaction cross-sections around 14 MeV
neutron energy have been collected from the literature and analysed for the isotopes
having 1 ≤ Z ≤ 82. The empirical relations for the reaction cross-sections have been
obtained, which show fairly good fits with the experimental values. The shell effects have
been established at magic nucleon numbers for (n, 2n) reaction cross-sections around 14
MeV neutron energy. The odd–even effects have also been observed as the cross-sections
for odd-mass nuclei are higher than their neighbouring even–even nuclei.
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1. Introduction
The (n, 2n) reaction is the dominant reaction channel in the interaction of 14 MeV
neutrons with medium mass and heavy nuclei. Therefore, knowledge of the (n, 2n)
reaction cross-sections is of special importance for fusion reactor technology, especially for materials that may be used as neutron multipliers for tritium breeding
or nuclides for which the (n, 2n) reaction leads to the production of long-lived radioactive nuclei. Such data are also needed for the refinement of nuclear theory.
The need for fast neutron-induced reaction cross-section data has been increasing
in several applied fields; for example, biomedical applications such as production
of radioisotopes and cancer therapy, accelerator-driven transmutation of long-lived
radioactive nuclear wastes to short-lived or stable isotopes by secondary spallation
neutrons.
It is not feasible to carry out experimental measurements for all the target nuclei.
The inadequate experimental data are supplemented by calculated results based on
nuclear reaction model codes. However, availability and complexity of such computer codes pose problems for easy and quick estimation of the neutron emission
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data particularly for thick target neutron yield distributions. A large number of
empirical and semi-empirical formulae with different parameters for cross-section
calculations of the reactions (n, p), (n, α) and (n, 2n) at the different neutron energies have been proposed by several authors [1–10]. Belgaid and Asghar [11] also
obtained a semi-empirical formula which includes five parameters and shown for the
first time a strong dependence of the (n, p) cross-sections in terms of the parameter
(N − Z)/A. Tel et al [12] investigated the (n, charged particle) and (n, 2n) reaction cross-sections and the change of pairing effects with respect to the asymmetry
parameter for 14–15 MeV incident neutron energies and for odd–even properties
of the target nuclei. In the present work, an attempt has been made to develop
an empirical relation for (n, 2n) reaction cross-sections at around 14 MeV neutron
energy using least square fitting. Such empirical relations can be very useful for
predicting cross-sections of the isotopes when experimental data are not available.
The odd–even effects have been shown by the plots of σn,2n vs. Z. Shell effects
have also been established at magic nucleon numbers.
2. Results and discussion
The experimental data for (n, 2n) reaction cross-sections at around 14 MeV neutron
energy have been collected from the references listed in CINDA-2007 [13] and from
the report by Pashchenko [14].
2.1 Odd–even effect
The odd–even nuclei have higher cross-sections than their neighbouring even–even
nuclei and this odd–even effect is distinctly marked when neutron excess is small
i.e., for lighter nuclei. This is due to the fact that even–even nuclei are most stable
while odd–odd nuclei are least stable. The nuclei having even number of protons
and odd number of neutrons and vice versa are known as odd-mass nuclei and they
have intermediate degree of instability.
The plots of σn,2n vs. Z for the ‘most abundant isotopes’ or ‘the isotopes having
comparable abundances’ are shown in figures 1a and 1b for even–even, odd-mass
and odd–odd isotopes and are discussed below.
In figure 1a for Z up to 45, the odd–even effect is clearly observed with the
exception of 17 Cl37 , 19 K39 , 37 Rb87 and 39 Y89 which follow the expected behaviour
of low cross-sections having magic neutron number N = 20 or 50. There are few
exceptions of the isotopes 42 Mo95 , 43 Tc99 and 44 Ru101 having smaller cross-sections
as compared to their neighbouring even–even isotopes for which experimental error
is very large.
As in figure 1b for Z = 45–75, odd–even effect cannot be clearly predicted for Z
between 50 and 60 due to the non-existence of abundant even–even isotopes whereas
there are few exceptions of even–even isotopes, e.g. 52 Te128 , having higher crosssection within experimental error limit. The cross-sections of odd–even isotopes
139
and 59 Pr141 following the behaviour of magic neutron number N = 82 are
57 La
low when compared to their neighbouring even–even isotopes. The weak odd–even
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Figure 1. (a) Plot of σn,2n vs. Z for the isotopes which are most abundant
or having comparable abundances for Z = 0–45. (b) Plot of σn,2n vs. Z for
the isotopes which are most abundant or having comparable abundances for
Z = 45–75.

effects have been observed for Z = 60–75 having few exceptions within experimental
errors limit. In heavy mass region the cross-sections for even–even and odd-mass
nuclei do not differ much. It is noticed that with increase in Z the difference in
Q-values is small, the odd–even effects decrease gradually and finally disappear in
heavy mass region.
2.2 Empirical relations
Using least square fitting, an empirical relation has been derived for (n, 2n) reaction
cross-sections. A regression model has been developed which predicts the crosssections vs. Z/A for the isotopes having 0.4 ≤ Z/A ≤ 0.49. Different regression
equations were tried and the cubic equation was found to be the best-fit equation
as shown in figures 2a and 2b. The empirical relation thus obtained for (n, 2n)
reaction cross-sections is given by
σn,2n = a(Z/A)3 + b(Z/A) + c (mb).

(1)

For odd-mass nuclei
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Figure 2. (a) Plot of σn,2n vs. Z/A for odd-mass nuclei having
0.4 ≤ Z/A ≤ 0.49. (b) Plot of σn,2n vs. Z/A for even–even nuclei having
0.4 ≤ Z/A ≤ 0.49.

a = 25340.48,

b = −40113,

c = 16543

the coefficient of determination is given by
R2 = 0.8921
and for even–even nuclei
a = −69558.98,

b = 13430.42,

c = 1116.7

the coefficient of determination is given by
R2 = 0.831.
The validity of these fittings is defined by R-square, i.e. coefficient of determination or square of the correlation coefficient which when equals to 1 indicates the best
fit [15]. It is the percentage variability defined by the fitting equation. The model
which gives maximum R2 is selected as this interprets the maximum variability in
data sets.
The values predicted by the above equation are compared with the experimental
data for odd-mass nuclei and for even–even nuclei. Such comparison [16] of the
358
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predicted cross-sections with the experimental values shows that the agreement is
quite satisfactory.
The empirical relations have also been predicted showing the dependence of σn,2n
on the two neutron separation energy (S2n ) of the target nucleus as in figures 3a
and 3b. The empirical relation thus obtained is given by
σn,2n = a(S2n )3 + b(S2n )2 + c(S2n ) + d (mb).

(2)

For odd-mass nuclei
a = 1.2101,

b = −59.357,

c = 707.16,

d = 523.79

the coefficient of determination is given by
R2 = 0.8662
and for even–even nuclei
a = 0.6744,

b = −39.422,

c = 538.16,

d = 306.63

the coefficient of determination is given by
R2 = 0.6506.
From figures 2 and 3 it is concluded that the quality of fits is not good for even–
even cases when we choose S2n over the proton fraction. Hence we prefer σn,2n vs.
Z/A plot.
When we combine both odd-mass and even–even nuclei and fitted a common
formula for σn,2n vs. Z/A that is given by
σn,2n = 24265.16(Z/A)3 − 45191.02(Z/A)2 + 7758.47 (mb)

(3)

with
R2 = 0.8629.
Here it is to mention that when we plot the global data (all the data together),
the odd–even effect is not prominent. So, we can ignore this effect when we choose
variable as Z/A. Also Sn will vary with odd and even nuclei but S2n will not as it
effectively averages over odd–even effects. S2n varies smoothly with A for a given Z.
2.3 Shell effect
The detailed plots of σn,2n vs. Z and N in the region of magic nuclei Z = 20, 28,
50 and N = 20, 28, 50 are found to show shell effects.
In the region of Z = 20–50 with neutron excess (N − Z) = 5, 6, 14 and 15
the shell effect is distinct for 28 Ni61 , when N − Z = 5 as shown in figure 4a. It
is odd-mass nuclei with minimum cross-section when compared with neighbouring
odd-mass nuclei 27 Co59 and 29 Cu63 within experimental errors having the same
neutron excess. For N − Z = 6, at Z = 20 the trend shows one-sided minima for
46
due to non-availability of data points on the left side of Z = 20 for the same
20 Ca
neutron excess. With N − Z = 14 and N − Z = 15, the trend shows one-sided
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Figure 3. (a) Plot of σn,2n vs. S2n for odd-mass nuclei. (b) Plot of σn,2n
vs. S2n for even–even nuclei.

minima for 50 Sn114 and 50 Sn115 at Z = 50 due to non-availability of data points on
the right side of Z = 50.
Figure 4b shows plots of σn,2n vs. N when N − Z = 2, 3, 4, 5 and 8 having shell
effect with minima at N = 28 for the isotopes 54 Fe28 ,52 Cr28 , 51 V28 and 48 Ca28
respectively when compared to their neighbouring nuclei. For N − Z = 3 one-sided
minima have been observed due to the non-availability of data points on the left
side of N = 20.
Similarly, figure 4c shows plots of σn,2n vs. N having shell effect with minima at
N = 50 for the isotopes 92 Mo50 , 90 Zr50 , 89 Y50 , 88 Sr50 and 87 Rb50 with N − Z = 8,
10, 11, 12 and 13 respectively when compared to their neighbouring isotopes.
3. Conclusion
The new empirical relations obtained may be very useful for the quick estimation
of the cross-sections, where experimental data are not available as well as in testing
360
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Figure 4. (a) Plot of σn,2n vs. Z for the isotopes having N − Z = 5, 6, 14
and 15. (b) Plot of σn,2n vs. N for the isotopes having N − Z = 2, 3, 4, 5
and 8. (c) Plot of σn,2n vs. N for the isotopes having N − Z = 8, 10, 11, 12
and 13.
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new experimental results. For σn,2n it is found that Z/A is a good parameter
to describe the variation of cross-sections. We have tried plotting σn,2n vs. S2n ,
but the overall quality of fits is better with Z/A as the variable. There are few
exceptions which cannot be predicted by these formulae and which are difficult to
explain.
The odd–even effects have been observed as the cross-sections of odd-mass nuclei
are higher than their neighbouring even–even nuclei. In heavy mass region, the
odd–even effect is diluted since with the increase in Z, the difference in Q-values of
odd-mass and even–even nuclei gets smaller and neutron excess becomes larger etc.
So, the odd–even effects decrease gradually and finally disappear. However, when
we plot the global data (all the data together), the odd–even effect is definitely
not prominent. Hence, we can ignore this effect when we choose variable as Z/A
in figures 2a and 2b. The shell effects have also been predicted at magic nucleon
numbers.
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