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Abstract  Investigations has been made concerning the development of the effect of shell structure on neutron induced 
cross section, evaluations for Actinides elements in the energy range of 0-30 MeV. The EXIFON code, which is based on the 
analytical model for statistical multistep direct and multistep compound reactions, was used for the calculation of the cross 
section for (n-2n), (n-p) and (n-α) reaction channels. Results are compared with data from the experimental database, EXFOR 
from the IAEA nuclear data bank to deduce the shell effect. An empirical relation for the reaction cross section has been 
established for magic numbers nucleus in the (n-2n) reaction channel in the energy range. Results shows that the odd-even 
effect has also been observed as the cross section for odd-even nuclei are higher than their neighbouring even-even nuclei and 
with comparison in term of Shell correction, the cross section is higher when the Shell correction is not considered. 

Keywords  Neutron Induce Reaction, Cross Section, Shell Effect, Exifon Code, Exfor 

1. Introduction 
Neutron-induced fission reaction is the most important 

processes that occur in reactors, accelerator-driven systems 
and nuclear explosions. In order to develop concepts of these 
reactions, it is necessary to have clear knowledge and nuclear 
data of the reaction cross-sections for structural materials, 
fissile actinides and most important fission products in a 
given energy range. In a nuclear reactor,[3,6] the main types 
of elements found during or after a reaction are fission 
products, actinides, and activation products. Fission prod-
ucts are the largest source of radioactivity for the first sev-
eral hundred years, while actinides are dominant roughly 
103 to 105 years after fuel use, Even though hazards are 
associated with radioactivity of actinides, many beneficial 
applications exist as well such as Radioactive nuclides are 
used in cancer therapy, analytical chemistry, in basic re-
search in the study of chemical structures and mechanisms. 
[6] All of the actinide elements are unstable toward radioac-
tive decay; the reason that actinium, thorium, protactinium, 
and uranium are found in nature at all is because some of 
their isotopes are unusually stable and others are being 
formed constantly by decay of the long-lived isotopes.[3] 

In this present work, the cross section of Actinides ele-
ments was calculated in a neutron energy range from 0 – 
31MeV to investigate the effect of shell structure on neutron 
induced cross section using Exifon code. 
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The code which is based on an analytical model for sta-
tistical multistep direct and multistep compound approach 
reaction was use for the calculation of the cross section of the 
group of elements for (n-2n), (n-p) and (n-α) reaction chan-
nels with shell correction as the only adjustable parame-
ter[10,14]. Result were compared between calculation with 
shell correction and without shell correction and also com-
pared with experimental data, EXFOR from the IAEA nu-
clear data bank. 

2. Calculation 
The Exifon code is based on the analytical model for sta-

tistical multi step direct and multistep compound reaction 
(SMD/SMC). It predicts emission spectra, angular distribu-
tions, and activation cross section including equilibrium, 
Pre-equilibrium, as well as direct (collective and non- col-
lective) processes. Multiple particle emission is considered 
up to three decay of the compound system. The model is 
restricted to neutron, proton, and alpha induced reaction with 
neutron, proton, alpha, photon in the outgoing channels. The 
range of validity is with a mass numbers A > 20, bombarding 
energies below 100 MeV.[10] 

A unique description of (a, xb) emission spectra where a, b 
= n, p, alpha and gamma (neutron, proton, alpha, and gamma 
ray) as well as excitation functions (activation cross section) 
is proposed within a pure statistical multi step model. This 
approach is based on the many body theory (Green’s func-
tion formalism) and random matrix physics. 

The Exifon code (version 2.0) is a generalization of the 
energies up to 100MeV. It is a fast code which predicts cross 
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section from global parameters set. The output of Exifon can 
also be arranged into ENDF-6-format.[10] 

The following abbreviation will be used: E = Ea + Ba and 
U = Ea +Ba – Bb – Eb. Where the excitation energies of the 
binding and kinetic energies of the ingoing (c=a) and out-
going (c=b) particles. 

The calculations were performed by code Exifon for the 
different isotopes of the Actinides groups. Although not all 
the Nuclei have data in the code, only the following are 
considered. 

Uranium-235 Uranium-238 Thorium-232 Plutonium-239 

Base on the above available data in the Code, the follow-
ing possible activation cross-section of neutron induced 
reaction, (n, a), (n, p) and (n, 2n), that is (neutron-alpha, 
neutron-proton, and neutron-neutron respectively) were 
considered in the energy range of 0 – 31MeV. 

The EXIFON code installed on a personal computer has 
time for one full-scale description per nucleus (which in-
cludes all activation cross-section plus emission spectra from 
zero up to 31MeV incident energy) which strongly depends 
on the incident energy.[10] 

Running the program, the input and output directory must 
first be defined, then the target nucleus specified. The inci-
dent particle (in this case Neutron) selected followed by 
selecting the excitation function in the general option section 
for this calculation. 

The number of incident energy is then specified followed 
by the first incident energy (in MeV), and then the incident 
energy step is also specified (in MeV). 

In the modification section, the shell structure effect 
which is the most important part of this calculation is se-
lected; in it has two options which are WITH and WITHOUT 
shell effect. 

First, the option with shell effect is selected for each target 
nucleus, an output data (OUTEXI) for the calculation is then 
stored in the set output directory. Also DAT file name A2N, 
ALF, and AP (for Neutron-2Neutron, Neutron-Alpha, and 
Neutron-Proton reaction respectively) are stored in the set 
output directory.  

Secondly, the option without shell effect is then also for 
each target nucleus, also an output data (OUTEXI) for the 
calculation is then stored in the set output directory. Also 
DAT file name A2N, ALF, and AP (for Neutron-2Neutrons, 
Neutron-Alpha, and Neutron-Proton reaction respectively) 
are stored in the set output directory. The Date in the DAT 
files can then be plotted in the form of chats or graphs or 
viewed using a DAT file Viewer. 

3. Results/Observation 
Plutonium – 239 which has an Even-Odd Nucleus (pro-

ton-94, neutron-145) and it is clearly seen that in the energy 
range of 0 – 31MeV, the (n-2n) reaction is the most dominant 
reaction channel in the interaction of neutron with medium 
and heavy mass isotopes. Looking at the data from the table1 

below, the (n-2n) reaction has the highest cross section in 
11MeV also with comparison in term of the shell correction, 
it shows that cross section is higher when the shell correction 
is not considered at the given energy range. 

Table 1.  Cross section of PU-239 with energy range of 1MeV to 31MeV 
from EXIFON Code 

Ele
ment 

Energy 
(MeV) 

Cross Section With Shell 
Correction (mb) 

Cross Section Without 
Shell Correction (mb) 

  (n-2n) (n-p) (n-α) (n-2n) (n-p) (n-α) 

PU- 
239 

1.00 0.00 0.00 0.00 0.00 0.00 0.00 
3.00 0.00 0.00 0.00 0.00 0.00 0.00 
5.00 0.00 0.00 0.00 0.00 0.00 0.00 
7.00 231.98 0.00 0.00 266.24 0.00 0.00 
9.00 1347.80 0.00 0.00 1373.20 0.00 0.00 
11.00 1633.80 0.23 0.00 1643.50 0.23 0.00 
13.00 1627.70 1.48 0.00 1625.50 1.48 0.00 
15.00 510.98 4.58 0.00 506.22 4.57 0.00 
17.00 94.34 9.70 0.00 96.82 9.63 0.00 
19.00 25.12 15.37 0.01 26.59 15.20 0.01 
21.00 10.68 20.00 0.02 11.44 19.71 0.02 
23.00 6.00 23.24 0.05 6.50 22.85 0.05 
25.00 3.87 25.45 0.08 4.19 24.99 0.08 
27.00 2.67 26.92 0.12 2.90 26.40 0.12 
29.00 1.90 25.80 0.15 2.07 25.39 0.15 
31.00 0.89 0.00 0.00 1.01 0.00 0.00 

Table 2.  Cross section of Th-232 with energy range of 1MeV to 31MeV 
from EXIFON Code 

Ele-
ment 

Energy 
(MeV) 

Cross SectionWith Shell 
Correction (mb) 

Cross Section Without 
Shell Correction (mb) 

  (n-2n) (n-p) (n-α) (n-2n) (n-p) (n-α) 

Th- 
232 

1.00 0.00 0.00 0.00 0.00 0.00 0.00 
3.00 0.00 0.00 0.00 0.00 0.00 0.00 
5.00 0.00 0.00 0.00 0.00 0.00 0.00 
7.00 1.08 0.00 0.00 1.60 0.00 0.00 
9.00 786.15 0.00 0.00 851.29 0.00 0.00 
11.00 1695.80 0.00 0.00 1711.40 0.00 0.00 
13.00 1896.40 0.08 0.00 1901.10 0.08 0.00 
15.00 826.35 0.72 0.00 724.18 0.72 0.00 
17.00 138.24 2.74 0.00 119.57 2.74 0.00 
19.00 30.92 6.45 0.02 27.80 6.38 0.02 
21.00 11.88 11.35 0.05 11.06 11.11 0.06 
23.00 6.52 16.03 0.10 6.17 15.53 0.11 
25.00 4.25 19.82 0.17 4.04 19.26 0.18 
27.00 2.98 22.43 0.26 2.85 21.73 0.27 
29.00 2.19 24.29 0.35 2.09 23.48 0.36 
31.00 1.64 25.59 0.43 1.58 24.70 0.44 

Thorium – 232 which has an Even-Even Nucleus (pro-
ton-90, neutron-142), it is clearly seen that in the energy 
range of 0 – 31MeV, the (n-2n) reaction is the most dominant 
reaction channel in the interaction of neutron with medium 
and heavy mass isotopes. Looking at the data from the table2 
above, the (n-2n) reaction has the highest cross section in 
13MeV and with comparison in term of the shell correction, 
it shows that cross section is higher when the shell correction 
is not considered at the given energy range. 

Uranium – 235 which has an Even-Odd Nucleus (pro-
ton-92, neutron-143) and it is clearly seen that in the energy 
range of 0 – 31MeV, the (n-2n) reaction is the most dominant 
reaction channel in the interaction of neutron with medium 
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and heavy mass isotopes. Looking at the data from the table3 
below, the (n-2n) reaction has the highest cross section in 
11MeV. With comparison in term of the shell correction, it 
shows that cross section is higher when the shell correction is 
not considered at the given energy range. 

Uranium – 238 which has an Even-Even Nucleus (pro-
ton-92, neutron-146) with a neutron magic number, it is 
clearly seen that in the energy range, there is only one pos-
sible reaction (n-p) and the shell correction has no effect 
because of the highly stability of the nucleus.  

Table 3.  Cross section of U-232 with energy range of 1MeV to 31MeV 
from EXIFON Code 

Element 
Energy 
(MeV) 

Cross Section With Shell 
Correction (mb) 

Cross Section Without 
Shell Correction (mb) 

  (n-2n) (n-p) (n-α) (n-2n) (n-p) (n-α) 

U-235 

1.00 0.00 0.00 0.00 0.00 0.00 0.00 
3.00 0.00 0.00 0.00 0.00 0.00 0.00 
5.00 0.00 0.00 0.00 0.00 0.00 0.00 
7.00 710.46 0.00 0.00 777.96 0.00 0.00 
9.00 1675.60 0.00 0.00 1693.30 0.00 0.00 
11.00 1829.40 0.10 0.00 1838.60 0.10 0.00 
13.00 1436.70 0.91 0.00 1397.70 0.91 0.00 
15.00 285.84 3.34 0.00 281.02 3.33 0.00 
17.00 52.62 7.58 0.00 54.55 7.53 0.00 
19.00 16.31 12.58 0.01 17.48 12.44 0.01 
21.00 7.87 16.88 0.03 8.56 16.62 0.03 
23.00 4.76 19.94 0.07 5.23 19.57 0.07 
25.00 3.22 22.05 0.11 3.54 21.60 0.11 
27.00 2.28 23.47 0.16 2.51 22.96 0.16 
29.00 1.66 24.40 0.21 1.83 23.84 0.21 
31.00 0.96 7.10 0.24 1.10 7.75 0.24 

Table 4.  Cross section of Th-232 with energy range of 1MeV to 31MeV 
from EXIFON Code 

Element Energy 
(MeV) 

Cross Section With Shell 
Correction (mb) 

Cross Section Without 
Shell Correction (mb) 

  (n-2n) (n-p) (n-α) (n-2n) (n-p) (n-α) 

U- 
238 

1.00 0.00 0.00 0.00 0.00 0.00 0.00 
3.00 0.00 0.00 0.00 0.00 0.00 0.00 
5.00 0.00 0.00 0.00 0.00 0.00 0.00 
7.00 0.00 0.00 0.00 0.00 0.00 0.00 
9.00 0.00 0.00 0.00 0.00 0.00 0.00 
11.00 0.00 0.00 0.00 0.00 0.00 0.00 
13.00 0.00 0.00 0.00 0.00 0.00 0.00 
15.00 0.00 0.50 0.00 0.00 0.50 0.00 
17.00 0.00 2.90 0.00 0.00 2.90 0.00 
19.00 0.00 9.60 0.00 0.00 9.60 0.00 
21.00 0.00 22.70 0.00 0.00 22.70 0.00 
23.00 0.00 43.00 0.00 0.00 43.00 0.00 
25.00 0.00 69.50 0.00 0.00 69.50 0.00 
27.00 0.00 100.50 0.00 0.00 100.50 0.00 
29.00 0.00 134.20 0.00 0.00 134.20 0.00 
31.00 0.00 169.40 0.00 0.00 169.40 0.00 

4. Result Discursions 
From the above experimental data for the (n-2n), (n-p) and 

(n-α) reactions cross section in the energy range of 0 – 31 
MeV, it is generally observed that The dominant reaction 
channel in the interaction of neutron with heavy isotopes is 
(n-2n) reaction channel with the exception of Uranium-238 
(which has a highly stable Nucleus), in the energy range 
there is only a slit probability of proton been emitted).  

Analysis of result from Tables 1 – 4 shows that, Generally, 
the even-odd nuclei across the group have higher cross sec-
tion than their neighbouring even-even nuclei that is the 
higher the mass number the less the probability of the reac-
tion occurring, therefore the cross section decreases with 
increases in mass number and with comparison in term of 
Shell correction, the cross section is higher when the Shell 
correction is not considered. 

 
Figure 1.  Graphical representation of the comparison between the Exofor 
and the Calculated values for (2, 2n) reaction channel for PU-239 

 
Figure 2.  Graphical representation of the comparison between the Exofor 
and the Calculated values for (2, 2n) reaction channel for Th-232 

 
Figure 3.  Graphical representation of the comparison between the Exofor 
and the Calculated values for (2, 2n) reaction channel for Th-232 

A comparison of experimental data from EXFOR data 
Library and the calculated result for (n-2n) reaction channel 
(Fig 1-3) it is clearly seen that, generally the reaction deviate 
from the experimental data with the exception of U-235 
which have similar pathway in both consideration (Fig 3). 
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Also the values where the shell correction is considered tend 
to move closer to the experimental values. 
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