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To understand the mechanism of pre-equilibrium particle emission using light and heavy ion beams with different targets 
at energy above the Coulomb barrier, a study has been done. The cross-sections for twelve systems 4He + 59Co, 4He +124Sn, 
4He + 165Ho, 12C + 59Co, 12C +124Sn, 12C + 165Ho, 16O + 59Co, 16O + 124Sn, 16O + 165Ho, 19F + 59Co, 19F + 124Sn and  
19F + 165Ho have been calculated using the statistical model code ALICE-91. Significant pre-equilibrium particle emission 
contribution has been obtained for lighter systems at higher projectile energy. It has also been found that the pre-equilibrium 
particle emission affects predominantly over the equilibrated compound nucleus emissions at high projectile energies.  
Pre-equilibrium fraction (FPEQ) has been deduced from the excitation function data for different systems at different 
projectile energies. The present results indicate that the probability of pre-equilibrium particle emission depends not only on 
a single entrance channel parameter, but it also depends on various entrance channel parameters, namely: projectile energy, 
mass of the projectile, mass of the target and entrance-channel mass asymmetry. The present analysis of the data also 
suggests that the pre-equilibrium particle emission contributes significantly at higher projectile energy for lighter mass 
projectile and target. 
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1 Introduction 
Great effort has been employed in the study of light 

and heavy ion induced reactions in the field of nuclear 
physics. The pre equilibrium (PE) particle emission 
process has been found to affect the dynamics of 
heavy ion induced reactions at high energies >10 
MeV/nucleon1. The contribution of PE reactions can 
be obtained by comparing the measured excitation 
functions (EFs) and theoretical predictions of 
statistical model codes. The PE and the compound 
nucleus (CN) emission reactions have been studied by 
several researchers in past few decades2-7. The energy 
spectrum of charged particles emitted during a nuclear 
reaction, at a particular angle and high energies 
several discrete peaks are observed. Some of these 
peaks are well resolved. At low energy side a broad 
Maxwellian distribution followed by a continuum has 
been found. The curve shows that the reaction has 
taken place in several steps, which indicates that the 
particles are emitted from the equilibrated nucleus. 
The isolated peaks at higher energy side may be 

attributed to the direct reactions without the formation 
of compound nucleus (CN). The explanation of the 
continuum may be attributed to some intermediate 
processes called pre-equilibrium particle emission 
(PE) process8,9. It may be assumed that the pre-
equilibrium particle emission proceeds through two 
body residual interactions inside the compound 
system. The pre-equilibrium particle emission may be 
considered as a bridge between two extreme reaction 
mechanisms. The pre-equilibrium particle emission 
mechanism is characterized by slowly descending 
tails of excitation functions, forward peaked angular 
distribution of emitted particles and relatively large 
number of higher energy particles than predicted  
by the compound nucleus mechanism. The first 
successful theory of such process was the exciton 
model. This model gives the energy distribution of the 
emitted particles and the angle-integrated cross-
section of all the reactions. This semi-classical model 
also predicts the main features of the angular 
distributions of emitted particles. At very high energy 
the reaction may be studied using Monte Carlo 
simulation method. Presence of PE emissions at HI 
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projectile energy slightly above the Coulomb barrier 
has also been noticed10. Recently, it has been 
observed that pre-equilibrium particle emission 
mechanism may cause emission of nuclear cluster or 
even fission also at moderate excitation energies11. 

In the present study, statistical model code12 
ALICE-91 has been used to calculate the excitation 
functions for light and heavy ion induced reactions at 
energy above the Coulomb barrier. In order to make a 
consistent analysis of theoretical predictions, an 
attempt has been made to select the adjustable 
parameters of the code. Further, the relative 
contributions of pre-equilibrium and equilibrium 
processes are separated and their dependence on 
various entrance channel parameters has been studied. 
Interesting pattern of the pre-equilibrium fraction as a 
function of projectile energy has been observed.  
 

2 Pre-Equilibrium Cross-Sections using ALICE-91  
In the present work, an attempt has been made to 

understand the pre-equilibrium particle emission in 
light and heavy ion induced reactions at projectile 
energy above the Coulomb barrier. The cross-sections 
for the twelve systems 4He + 59Co, 4He +124Sn, 4He + 
165Ho, 12C + 59Co, 12C +124Sn, 12C + 165Ho, 16O + 59Co, 
16O + 124Sn, 16O + 165Ho, 19F + 59Co, 19F + 124Sn and 
19F + 165Ho have been calculated using statistical 
model code ALICE-91. The present calculations have 
been done for different projectiles at energy range 
≈10-120 MeV. The reactions studied in the present 
work are divided into two categories for ease in 
comparison: (i) those involving only neutrons 
emission, such as (α, xn) and (ii) those involving 
neutrons and protons emission like (α, pxn). The level 
density parameter ‘a’ (= A /K) MeV-1, is one of the 
important parameter in this code, where ‘A’ is the 
mass number of the compound nucleus and ‘K’ is 
called level density parameter constant, which affects 
the equilibrium components. The level density 
parameter ‘a’ used for different reactions has been 
taken as default from literature13. Most of the required 
input parameters have been used as default except the 
mass and charge of the projectile and target nucleus. 
The present calculations are done with the view of 
studying the pre-equilibrium particle emission. In the 
ALICE-91 code, the level density parameter ‘a’, mean 
free path multiplier ‘COST’ and initial exciton 
number n0 are the three important parameters, which 
may be varied. The neutron is uncharged particle and 
has no difficulty in passing through the Coulomb 
barrier. In general, the reactions involving in emission 

of only neutrons have the largest cross sections. 
Keeping this in view, only the neutron emission 
channels (xn and pxn) have been taken for the study 
of pre-equilibrium and equilibrium reaction 
mechanism in the present study. The excitation 
functions for these reaction channels are characterized 
by an initial exponential rise in the cross section, with 
energy beginning from the threshold energy of the 
reaction. As a representative case, the cross-section as 
function of projectile energy for the systems 4He + 
59Co and 12C + 59Co has been plotted and shown in 
Figs 1-2. In these figures, the dash dotted lines show 
the ALICE-91 prediction with pre-equilibrium 
consideration, whereas the solid lines represent the 
predictions without pre-equilibrium calculations. It 
can be noticed from Fig. 1 that beyond the projectile 
energy 40 MeV pre-equilibrium effects predominate, 
whereas the equilibrium compound nucleus 
predictions failed to predict the higher energy tail of 
the excitation function for this system. Similarly in 
Fig. 2, the pre-equilibrium emission can be clearly 
seen in higher energy side. Further, it can also be 
noticed that pre-equilibrium particle emission is larger 
for the system 4He + 59Co than that of 12C + 59Co 
system. This indicates that the pre-equilibrium effects 
are more dominant than that of equilibrium process in 
case of lighter nuclei. 
 
3 Results and Discussion 

The pre-equilibrium contribution of the cross-
section has been estimated from the calculated 
excitation function data and to study the dependence 

 
 
Fig. 1 – Sum of pre-equilibrium cross-sections along with 
equilibrium cross-sections of the xn and pxn channels in the
4He + 59Co system, calculated using ALICE-91 code. 
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of pre-equilibrium particle emission on various 
entrance channel parameters, namely; projectile 
energy, mass of projectile, mass of target and entrance 
channel mass-asymmetry between interacting 
partners. For this purpose, the pre-equilibrium 
fraction (FPEQ) has been calculated. 

The pre-equilibrium fraction (FPEQ) for the 
particular reaction channel is defined as

EQ

EQPEQ
PEQF


 

 ,  

where σPEQ is the cross section of the production of 
evaporation residue including equilibrium and pre-
equilibrium particle emission contributions while σEQ 
is the cross section calculated as statistical 
equilibration of the compound nucleus without pre-
equilibrium particle emission in a nuclear reaction. 
The pre-equilibrium fraction (FPEQ) has been plotted 
as a function of incident projectile energy above the 
Coulomb barrier for various systems and shown in 
Fig. 3(a - d). In this figure the systems having same 
projectiles are shown in one common graph. From all 
the plots, it can be clearly observed that the pre- 
equilibrium particle emission increases with the 
projectile energy. The contribution of pre-equilibrium 
particle emission is found to increase with projectile 
energy for both α and heavy ion induced reactions. 
However, the pre-equilibrium fraction (FPEQ) is found 
to be different for light and heavy projectiles with 
different targets. It may be due to when the projectile 
reaches in the nuclear field of the target, the Q-value 
the reaction will also come in to picture. In all the 

cases, FPEQ increases slowly with projectile energy in 
the initial region and thereafter it increase sharply. 
The slow increase in the beginning may be due to the 
statistical distribution of energy among the 
participating nucleons. Further, it has been also 
noticed that there is a sharp increase in the pre-
equilibrium fraction with increase in projectile energy 
in case of lighter target nuclei namely, 59Co. 
However, in case of heavier targets 124Sn and 165Ho, 
the rate of increase of FPEQ is not significant in the 
present energy regime. 
 
4 Summary and Conclusions 

The present study has been done with the aim to 
understand the mechanism of pre-equilibrium particle 
emission. A large number of systems at projectile 
energy above the Coulomb barrier have been studied. 
The cross-sections for the twelve systems 4He + 59Co, 
4He +124Sn, 4He + 165Ho, 12C + 59Co, 12C +124Sn, 12C + 
165Ho, 16O + 59Co, 16O + 124Sn, 16O + 165Ho, 19F + 59Co, 
19F + 124Sn and 19F + 165Ho have been calculated using 
the statistical model code ALICE-91. Significant 
contribution of pre-equilibrium particle emission has 
been observed for light systems at higher projectile 
energy. At higher projectile energies, the pre-
equilibrium particle emission effects have been found 
to be predominant over the equilibrated compound 
nucleus. Further, an attempt has been made to 
estimate the pre-equilibrium contribution from the 
calculated excitation function data and to investigate 
the dependence of pre-equilibrium particle emission 
on various entrance channel parameters, namely; 

 
 
Fig. 2 – Sum of pre-equilibrium cross-sections along with
equilibrium cross-sections of the xn and pxn channels in the
12C + 59Co system, calculated using ALICE-91 code. 
 

 
 
Fig. 3 – Pre-equilibrium fraction (FPEQ) as a function of projectile 
energy for various systems. 
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projectile energy, mass of projectile, mass of target  
and entrance channel mass-asymmetry. In this respect 
pre-equilibrium fraction (FPEQ) has been deduced  
from the data for different projectile-target systems  
at each projectile energy. The present results indicate 
that the probability of pre-equilibrium particle emission 
on various entrance channel parameters, namely: 
incident projectile energy, mass of the projectile, mass 
of the target and entrance-channel mass asymmetry. 
The present analysis of the data suggests that the  
pre-equilibrium particle emission contribute 
significantly at higher projectile energy with lighter 
mass projectile and target. 
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