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Abstract

In this work, α-induced 59Co reactions in the energy range from 11- 41MeV were used in 
order to study the role of pre-equilibrium emission. The experimentally measured excitation 
functions for residues populated via (α, n),(α, 2n),(α,3n),(α,2p),(α, 3n 2p) and (α, 4n 2p) channels 
in the interaction of   + 59Co system available in the literature [13] were compared with theoretical 
predictions obtained using the statistical model code COMPLET. It was observed that at higher 
energy points the pure compound nucleus predictions, in general, failed to reproduce the 
measured data at projectile energies ~11-41MeV, this shows signifi cant contributions from pre-
equilibrium emission. The study signifi ed both equilibrium and pre-equilibrium emissions were 
required to reproduce the presently measured excitation functions. 

An attempt was made to deduce the contribution coming from pre-equilibrium emission. 
It was found that the pre-equilibrium contribution increases with increasing projectile energy. 
Furthermore, the present result revealed a strong correlation between pre-equilibrium contribution 
and particle multiplicity.

Introduction
The study of nuclear reaction induced by alpha particles 

has been got a signiϐicant result for reaction cross-section 
[5]. The investigation of characters of atomic nuclei and 
the fundamental physical relationships governing their 
interactions was the basis for all nuclear technologies [6]. A 
nuclear reaction refers to the process of producing new nuclei 
and elementary particles as particles and nuclei interact 
[7]. This is why accurate measurement and calculation of 
the cross-section of nuclear reactions, and understanding of 
nuclear reaction mechanisms, are important. The reaction 
mechanisms are seen from the shape of the difference in 
reaction cross-section or excitation energy [8]. Cobalt is 
a transition metal with atomic number 27 and is used in 
electroplating because of its appearance, hardness, and 
resistance to oxidation [11]. One important part of studying 
such reactions is to enhance a basic understanding of the 
reaction mechanism. The mechanism of nucleon-induced 
reactions, particularly proton-induced reactions is still unclear 
[9]. At moderate excitation energies, there are indications 
that compound and pre-compound reaction processes play 
an important role [10]. Nuclear data for accelerator-driven 

technologies is required for a large number of target elements 
covering almost the entire periodic table and covering a wide 
range of energies [16]. Well, more detailed and accurate 
measurements are needed to achieve this data requirement. 
The nuclear data required for these applications is primarily 
obtained by nuclear scattering and reaction forecasting. 
The nuclear data required for these applications are mainly 
obtained from nuclear scattering and reaction model 
calculations, which are depending on the optical model, the 
parameters of which are determined by elastic scattering and 
total cross-section data [12]. The process of pre-equilibrium 
emission in light ion-induced reactions is a subject extensively 
studied in the last few years. Although there have been many 
theoretical and experimental works on nuclear physics, 
the process is still not fully understood, particularly where 
competition between the equilibrium and pre-equilibrium 
emission of light particles is high [13]. Accelerators were used 
to produce isotopes by bombarding appropriate targets with 
beams of charged nuclei, so impinge on the targets to produce 
the required isotopes [14]. The main aim of this work is was 
to have a unitary analysis of the nuclear reaction mechanisms 
causing alpha interactions with 59Co target nuclei [15]. The 
alpha particle was found by accident during the natural 
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radioactive decay of heavy mass nuclei. Even after that, a 
large number of heavy mass-particle emitting radionuclides 
that were synthesized artiϐicially were characterized. Their 
half-lives vary widely, but the-particle energies are usually 
between 4 and 7 MeV [17]. For all investigated, thick target 
production yields were used in the new cross-sections [18]. 
From which exchange format database were all available data 
for charged particle induced reactions, up to incident particle 
energy of 11 MeV to 41 MeV, used in the production of Cu 
and Co isotopes collected [21]. The energy of alpha particles 
obtained from natural radioactive nuclei is dispersed to all 
parts and discrete in nature, and it is signiϐicantly smaller than 
the coulomb barrier, making it unϐit for the nuclear reaction 
[19]. Alpha particles were made up of two protons and two 
neutrons, so they have the structure of helium (4He) nuclei 
[20]. The shape of the difference of reaction cross-section 
versus excitation energy reveals the reaction mechanisms [4]. 

Methodology
The study of this research was conducted mixed methods 

that mean quantitative with qualitative approach using 
computer base COMPLETE code software. The data was 
gathered (obtained) from an IAEA data source in searching 
google engine. The experimental data information was 
generated by the bombarded projectile as an alpha particle 
with target nuclide different cobalt isotopes using a COMPLETE 
computer-based software package. 

COMPLETE code

COMPLETE code was a nuclear reaction code that was 
designed for versatility and easy use in the incident energy 
range of a few MeV to several hundred MeV [1]. The code 
COMPLETE generate yield and spectra for all reactions 
produced by all combination of n,p,d, T, α and can provide all 
input parameters. The running time of the COMPLETE code 
was very short times [3]. Its version needed about 2-megabyte 
memory. It also used determined p-spectra, n-spectra, pre-
equilibrium, neutron-proton alpha emission up to two 
particles, evaporation of deuterium and tritium [2]. 

Experimental calculation using computer code

The software program run the input and output directory 
were deϐined. Alpha particle was preferable as incident 
particle followed by selecting target nuclide. The number of 
incident energy was speciϐied followed by the ϐirst incident 
energy, the incident energy step is available. For practical 
applications of the statical model was important to obtain 
parameters of the level density description from a reliable 
experiment [4]. In compound and pre-equilibrium emission 
calculations, the level density parameter and initial excitation 
conϐigurations were important quantities. The reaction cross 
section both compound and the pre-compound reaction was 
measured by mill barn (MB). The nuclear level density affects 
the height and the shape of the calculated cross-section. The 

level density of the nucleus is included in the evaporation 
chain calculated from the Fermi density distribution. 
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Where: 

E - is the excitation energy 

α - is the level density parameter.

The mean free path parameter calculation in pre-equilib-
rium was given by

L 1
o

                         (2)

ρ - is the level density of nuclear matter

σο - is Pauli corrected nucleon-nucleon (N-N) interaction 
the scattering cross-section appropriated weighted for target 
neutron and proton number. 

The level density parameter obtained by the experiment 
showed that a linear dependent with the mass number of the 
nucleus was given by 

ACN
K                                   (3)

Where 

CAN – is the mass of the compound nucleus 

K - is free path constant 

This thesis work used level density parameters 

8 10 12
ACN ACN ACN                                  (4)
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Where:

'2 - is reduced de Broglie wavelength

L - is angular momentum

Rer l  - is the real part of the complex constant which 
contains the effect of the scattering center. 

Results and discussions
The present thesis investigates the excitation functions of 

59Co(α, n)62Cu, 59Co(α, 2n)61Cu, 59Co(α, 3n)60Cu, 59Co(α, 2p)61Co, 
59Co(α, 3n 2p)58Com and 59Co(α, 4n 2p)57Co reaction channels 
populated in the interaction of 4He projectile with 59Co target 
at ~11-41 MeV projectile energy. The measured excitation 
functions available in the literature were compared with the 
theoretical predictions obtained from the COMPLET code 
(modiϐied ALICE-91). The COMPLET code gives the results 
of both equilibrium (CN) reaction and pre-equilibrium (PEQ) 
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reaction. Level densities of residual nuclei play an important 
role in deciding the shapes and absolute value of the excitation 
functions. In COMPLET code the level density parameter 
a, which largely affects the equilibrium components of the 
cross-section is calculated from the expression a = A/K MeV−1, 
where A is the nucleon number of a compound system and 
K is an adjustable constant, which may be varied to match 
the experimental data. Also in this code, the pre-equilibrium 
components of the cross-section are sensitive to initial exciton 
conϐiguration, no, and mean free path multiplier, MFM. The 
sensitivity of the initial exciton number on PE cross-section 
was done by varying the initial exciton conϐiguration, no 
(n+p+h) which is described by the number of neutrons (n) and 
by the number of a proton (p) in excited states, and the number 
of holes (h) following the ϐirst interaction of a projectile with 
a target. The total exciton, no is equal to the sum of n, p, and h.

Production of cupper residues

The measured excitation functions were compared 
with complete code predictions for different level density 
parameter values for representative 62Cu evaporation residue 
produced in the interaction of the 4He + 59Co system. For the 
representative 62Cu evaporation residues, the value of K was 
varied to match the experimental data (K values of 8, 10, and 
12 were used) and the results are displayed in Figure 1a. To 
see the effects of mean free path multiplier (MFM), which is 
used to adjust the nucleon-nucleon mean free path inside 
the composite excited nucleus was varied from 1 to 2.5. It 
may be observed from Figure 1b that a value of mean free 
path multiplier (MFM = 1.0) reproduced satisfactorily the 
measured excitation functions. Similarly the values of the 
initial exciton number, no was varied from 3 to 5. As can be 
seen from Figure 1c the measured excitation function for the 
same representative channel is well reproduced by COMPLET 
for a value initial exciton number (no= 4).

Figure 2 b,c, displayed the measured excitation functions 
along with the COMPLET code predictions of 61Cu and 
60Cu residues populated via  (α, 2n)  and (α, 3n) channels 
respectively at the set values of input parameters (K = 8, no = 4,
and MFM = 1.0).

In the present work, all calculations and analysis were 
performed consistently using level density (K = 8), initial 
exciton number (no = 4), and mean free path multiplier 
(MFM = 1.0).

Production of copper residues

The measured excitation functions along with the COM-
PLET predictions for 61Co, 58Co, and57Co residues populated via 
(α, 2p),(α, 3n 2p) and (α, 4n 2p) channels are shown in 
Figure 2 d-f. It may be observed from Figure 2 that at higher 
energy points the theoretically calculated excitation functions 
corresponding to the level density K = 8, the mean free path 
multiplier MFM = 1.0 and the initial exciton number no = 4,
in general, reproduced satisfactorily the experimentally 
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Figure 1: Experimentally measured data obtained from EXFOR data source and 
theoretically calculated excitation functions for evaporation residues produced in 
4He + 59Co reaction using the code COMPLET.
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Figure 2: Experimentally measured data obtained from EXFOR data source IAEA 
and theoretically calculated excitation functions for diff erent evaporation residues 
produced in the 4He + 59Co reaction using the code COMPLET.
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measured excitation functions for the residues 61Co, 58Co, and 
57Co produced in the interaction of α - projectile with 59Co 
target. Further, it is clear from Figure 2 that at lower energy 
points the predictions do not satisfactorily reproduce the 
measured data.

For a better analysis of the experimental data, the code 
COMPLET (modiϐied ALICE-91) is frequently used. This may 
be attributed to the fact that the input parameters of the 
code are few and well-deϐined. It may further point out that 
the measured data set is well ϐitted with the prediction of the 
code COMPLET. In general, it is clear from Figure 2 that the 
PEQ emission is signiϐicantly observed in most channels of the 
present study. Thus, an asymmetric attempt has been made to 
estimate the PEQ contribution at given energy for a particular 
reaction channel and these could be well explained in section 
Figure 3. 

Pre-equilibrium contributions

To study the dependence of PEQ contribution on projectile 
energy, the percentage PEQ contribution, which is a measure of 
the relative strength of PEQ component needed to reproduce 
the measured cross-section, deϐined as the ratio of the PEQ 
cross-section, σPEQ (σPEQ = σexp - σCN) to the experimental cross-
section, σexp. 

The percentage PEQ contribution as a function of 
normalized projectile energy (Epoj/VCB) for α + 59Co system 
through the six channels discussed above is plotted in Figure 3. 
In general, it is clearly seen from Figure 3 that the percentage 
of the PEQ contribution is found to increase smoothly with 
normalized projectile energy. 

Figure 4 a,b display the PEQ contributions of (α, n), (α, 2n), 
and (α, 2p) channels as a function of projectile energy. It may 
be observed from Figure 4 the channel-based contribution of 
PEQ emission, in general, is found to increase with projectile 
energy. Furthermore, the threshold of PEQ emission for (α, n), 
(α, 2n), and (α, 2p) channels is found to be different, depending 
on the corresponding Q - value.

The Coulomb barrier tends to cut off the low-energy 
portion of proton spectra thus reducing the number of 
equilibrium protons.

However, it may be pointed out that the PEQ contribution 
is found to be greater for the channels that consist of fewer 
PEQ particle(s). This may be attributable to the probability 
of the single-particle emission is greater in the PEQ emission 
process.

Conclusion
In the present work, a study of the excitation function in 

the interaction of alpha on cobalt atom for the energy range 
of 4~9MeV/nucleon was studied by using an excitation model 
with an improved computer COMPLETE code software. As a 
result of this, the compound nucleus was occurred through 
the de-excitation of selected nuclei by emitting one neutron, 
two neutrons, three neutrons, and two protons using the 
ϐitting level density parameter. In alpha-induced reaction 
with cobalt isotope 62Cu, 61Cu, 60Cu, 61Co, 58Com, and 57Co were 
produced. During the study of the reaction compound and 
pre-equilibrium reaction were occurred but a direct reaction 
was almost not expected. Direct reaction is required to a 
very large amount of energy. The level density parameter 
and initial excitation conϐiguration were targeted quantities 
for the pre-equilibrium and compound reaction. It should be 
further pointed out that a set of level density (K = 8), exciton 
number (no = 4) with mean free path (MFM = 1.0) is found to 
give a satisfactory reproduction of the theoretical calculation. 
The pre-compound reaction was depended on the projectile 
energy and target mass. Thus, the reaction was occurred at 
high energy but at low energy range not signiϐicant. Even 
though projectile energy very low compound nucleus might 
have occurred.
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