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Reaction Mechanism in Some O16 + 51V51 Systems – A Comparative Study Us-

ing Numerical Integration Method and Computer Codes
Mohammed Abdella Siraj, A S Pradeep

Nuclear reaction mechanism in the energy range from 56MeV- 95MeV of some   O16 + V51 systems have been studied. Excitation functions
of various reaction products populated via Complete fusion and/or Incomplete Fusion of O16 projectile with V51 target were investigated at
various projectile energies. The contributions of pre-equilibrium effect have been also examined. The theoretical values calculated using
computer codes COMPLET, PACE4 have been compared with the experimental excitation functions data taken from EXFOR library. In
addition to this a numerical integration method using MATLAB programming has been used to compare the experimental Excitation
functions. A systematic study has been done by varying different parameters to see the effects on excitation function. The fair agreement of
lower boundary energy for the reaction to occur with the experimental value has been shown by using MATLAB programming. The
experimentally obtained reaction cross sections for non-α emitting channels were found to be in good agreement with theoretical
predictions which may be attributed to complete fusion process at these energies, in general. However, for α- emitting channels, the
experimental excitation functions exhibit a significant enhancement over the theoretical cross sections in the production cross section. The
numerical approximation results depict enhancement in experimental ExcitationFunctions in an incomplete fusion reaction and is in good
agreement in complete fusion and pre-equilibrium reaction mechanisms. An attempt has been done to estimate the percentage of
incomplete fusion fraction to get the relative importance of complete and incomplete fusion reactions.
Index Terms—Cross Section, complete fusion, incomplete fusion, Excitation Functions, Level Density Parameter, Wong’s formula and
Numerical Integration Method
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1  INTRODUCTION
Since the first nuclear reaction was observed almost a century
ago [1], study of nuclear reactions leads to several fundamen-
tal discoveries, such as discovery of neutron, nuclear fission,
production  of  a  wide  range  of  chemical  elements  up  to  the
super heavy nuclei, production of sub-nuclear (elementary)
particles, and production of a new state of matter, quark-gluon
plasma. Moreover, a practical use of nuclear reactions influ-
enced the daily life of human society through a wide range of
applications, most prominently in production of energy and in
medicine. Specific role belongs to the nuclear reactions, in-
duced by the beams of heavy ions on heavy target nuclei.
Among the mechanisms of nuclear reactions processes, heavy
ion reaction is one. For many years the study of heavy ion in-
duced reaction has been used as important tool to understand
the reaction dynamics and the decay characteristics of excited
compound nuclei at energies near and above the coulombs
barrier (CB) [2], [3]. In recent years, it has been observed that
for low Z-projectiles (Z ≤ 10), like 12C, 16O and 20Ne, with inci-
dent energies slightly above the coulomb barrier, interacting
with medium and heavy mass targets, both the CF and ICF
processes may be considered as the dominant reaction mecha-
nism [2], [3].

In recent years,  the investigation of  breakup effects  on fusion
reactions in heavy-ion collisions around the Coulomb barrier
has been a subject of intense experimental and theoretical in-
terests [4]. Various processes can take place after the projectile
breaks up. One is the incomplete fusion (ICF) in which part of
the fragments is absorbed by the target. When all the frag-
ments fuse with the target, the process is called sequential
complete fusion (SCF). The residues from ICF cannot be dis-
tinguished from those from CF, and hence only the Total Fu-
sion cross section can be measured. In the heavy ion reaction
systems, the decay of the excited compound nucleus through
the emission of charged particles can be negligible and the
separate measurements of the CF cross section can be
achieved.
Pre-equilibrium reaction has been also observed contributing
in the heavy ion reaction at energies just above the Coulomb
barrier. Pre-equilibrium reaction [5] is neither direct nor com-
pound nucleus reaction. In this types of reactions particles are
emitted after the first stage of a nuclear interaction (direct re-
action) but long before the attainment of statistical equilibrium
(compound nucleus formation). Their time scale is intermedi-
ate between the very fast direct reactions and the relatively
slow compound nucleus formation.
For the last four decades, the barrier penetration model devel-
oped by C.  Y.  Wong [6]  has been widely used to describe the
fusion  reactions  at  energies  not  too  much  above  the  barrier
and at higher energies, which obviously explains the experi-
mental results properly. There are several codes which are
used for theoretical calculations of cross section like ALICE91,
CASCADE, PACE4, COMPLET etc. These codes calculate the
EFs of light and heavy-ion induced reactions. The configura-
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tions of these codes predict the total cross section only for the
population of the residual nuclei. At moderate excitation ener-
gies,  reactions  induced  by  heavy-ion  are  found  to  proceed
through compound nucleus as well as pre-equilibrium emis-
sion. As a result, precise measurement of EFs for such cases
and their analysis may be used to find out the relative contri-
bution  of  equilibrium and  PE  processes.  With  a  view to  pro-
vide a large set of cross section data and to study the mecha-
nism of PE emission a program of cross section precise meas-
urements and analysis of cross section for heavy-ion induced
reaction is necessary. Moreover, a detail study that compares
the measured cross section with that of calculated values in
the  energy  range  of  56MeV  to  95MeV  has  not  been  done  by
triangulation of experimental data, computer code and
MATLAB code. The purpose of this paper is to fill this gap by
using a heavy ion induced reaction that uses a heavy ion pro-
jectile O16 on a medium mass target of V51 at various projectile
energies ranging from 56 to 95Mev. Moreover, the study can
be used as a base line for further investigations on heavy ion
reaction using MATLAB and it can also be used in validating
the results of PACE 4 and COMPLET computer codes.
In the present work, measured CSs for eight reac-
tions 611651 )21,( CunOV a , 611651 )24,( ConpOV ,

581651 )12,( ConOV a , 561651 )32,( ConOV a ,
541651 )322,( MnnpOV a , 621651 )41,( ZnnpOV ,

631651 )31,( ZnnpOV and ( ) 651651 2, GanOV in the incident
energy range 56MeV- 95MeV were taken from literature
[7],[8]. Reaction cross sections have been compared with theo-
retical predictions based on Numerical integrations with the
MATLAB code, PACE4 and COMPLET codes. The nuclear
level density parameter (LDP) is an important ingredient in
the statistical model calculation of reaction cross section for
both the codes PACE4 and COMPLET. The Complet code uses
Exciton number and mean free path (MFP) multiplier as an
important parameter in the pre-equilibrium model calculation.

2 COMPUTER CODES AND MATLAB
FORMULATIONS

In the current study, an analysis of experimentally measured
reaction cross section is made using numerical method and
theoretical  prediction  of  the  PACE  4  and  COMPLET  codes.
Reaction cross section relation is derived using Wong’s formu-
la with the help of the critical distance model and sharp cut of
model. The derived formula for the reaction cross section is
used to determine the lower boundary of the energy range
used in this thesis.
 A  numerical  method  is  employed  on  Wong’s  formula  to  ap-
proximate the reaction cross section for the heavy ion reac-
tion 5116 VO + .  A  MATLAB  code  is  written  to  find  out  the

reaction cross section for the energy range from 56MeV-
95MeV.
 In addition to the numerical method, an analysis of experi-
mentally measured reaction cross section is carried out using
the theoretical prediction of the PACE 4 code and a COMPLET
code. PACE4 code performs only the statistical equilibrium
model calculations and doesn’t take pre-equilibrium (PE) and
in-complete fusion processes into consideration where as
COMPLET code does not taken into account the possibility of
in-complete fusion but it can compute fusion cross-sections
and pre equilibrium cross sections.

2.1 Mathematical Methods for the Reaction Cross Section
The  cross  section  in  the  fusion  process  can  be  written  as  the
sum of partial cross sections

ll FTl
KF å += )12(2
ps (2.1)

lF  is fusion probability for the thl partial wave. And it repre-
sents for any reaction that contributes to the reaction cross
section.

lT  is transmission coefficient
 For light projectiles at energies just above the coulomb barrier
the fusion cross section is quite close to the total reaction cross
section. For heavier projectile at higher incident energy, the
fusion cross section falls below the reaction cross section due
to the growing importance of direct and deep inelastic scatter-
ing which takes place at higher angular momentum or impact
parameter.
In order to obtain a simple expression for the fusion probabil-
ity one usually uses the Hill and Wheeler approximation [9].
In this approximation the effective potential near the barrier
radius is approximated by a parabola. So that the transmission
probability is written as

]2exp[1
1

f+
=lT (2.2)

                        where )( EV -= l

lhw
p

f

The above Hill–Wheeler expression is exact for a parabolic
barrier and is approximated for potential barriers in heavy-ion
collisions. The Hill–Wheeler approximation for fusion cross-
section was further simplified by Wong using the following
assumptions [6]
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Thus, according to the Wong’s approximation the fusion cross
section can be written as
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We may write the fusion cross section as
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For simplicity, let us replace the constants in the above equa-
tion with m and a:
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As large number of the partial waves contribute to the fusion
cross-section, the summation over l may be changed into the
integration.
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In order to evaluate the integral, let us change the variable of
the integration from l to x by
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The integration with respect to u results

(2.12)

By putting the values of 2
2
h

Ek m
= , m and a, we get the fol-

lowing final expression of Wong’s formula for the reaction
cross-section
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where wh  is the curvature of the inverted parabola.
For a relatively large value of E, the above result reduces to a
well-known formula
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The Critical Model [10] assumes that fusion takes place when-
ever the trajectory is such that at some stage the projectile and
the target mass centers are separated by a ‘critical’ distance

cR    which is somewhat smaller than the position of the barri-
er RB.

At this distance the attraction nuclear force are supposed to be
sufficiently strong to pull the projectile and target together.

At the critical distance
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Where cR  is the critical distance given by
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 The present work falls under the category of heavy- ion (16 O)
induced reaction on a middle mass target (51V). Using the criti-
cal distance model discussed above, the reaction cross section
can be approximated for the reaction VO 5116 + as
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      Where mfm 1510-= ,  and

[ ]( ) 223/13/1 )(0.1 fmAA VO +=R p

oA =atomic mass of oxygen, Av=atomic mass of Vanadium,
Zo=atomic number of oxygen and

TZ =atomic number of Vanadium
From the above equation we can understand that the reaction
cross section depends on the atomic mass, atomic numbers of
both the projectile and the target and the bombarding ener-
gy )( labE .
Using the known values in equation 2.19, the reaction cross
section becomes
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For  any  heavy  ion  reaction  of  type YxpT ),( , the reaction
cross section can be written as:
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[ ]( )23/13/1)4.31( Tp AAmbarnwhere +=n
Using the appropriate values of atomic mass and atomic num-
ber for the reaction YxOV ),( 1651 , the reaction cross section
will be reduced to
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From the above equation, we can determine the minimum
projectile energy that results the lowest reaction cross section
by letting 0³Rs .

02.6822.1 ³-=
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Alternatively, we can estimate this minimum energy from the
projectile energy Vs cross section graph as shown in Fig 2.1
plotted using a MATLAB script:

                                            Fig. 2.1 projectile energy-cross section for the reaction O16 + V51 using MATLAB code

From  the  graph  it  can  be  inferred  that  the  cross  section  be-
comes zero when the projectile energy is approximately
56Mev. The calculated value is in good agreement with the
lowest energy used in the experimental data taken from
 EXFOR which is 58MeV.
Therefor the reaction cross section can be calculated with la-
boratory energy greater than 56MeV in all the theoretical cal-
culations for the current paper.

2.1.1 Numerical Integration
The exact solution for reaction cross section in equation 2.11
and 2.14 is reached as the result of integration by the change of
variable method. In this part, the reaction cross section formu-
la will be approximated numerically using the numerical inte-
gration techniques of Simpson’s 1/3 rule taking equation 3.11.
The general relation to approximate the integration of a func-
tion f using Simpson’s one-third rule can be derived as [11]
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for Simpson’s one-third rule where n is the number of seg-
ments in between nxandx0 ,

The error estimate for Simpson’s one third rule if f(x) is  four
times differentiable in the interval [ ]nxx ,0  and that

Mxf £)(4 for some finite M. Hence the maximum error

allowed will be 4

5
0

180
)(

n
xxM n -

=e

Using this error estimation, the number of segments in be-
tween nxandx0  can be determined for the appropriate value

of nxandx0  as shown in equation 2.27 below.
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From equation 2.11 we have
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To determine the value of m anda , the value of curvature of
the coulomb barrier wh  has to be known.
To obtain the curvature of the coulomb barrier based on the
Wood’s Saxon potential, the region around the top of the CB
can be approximated by an inverted harmonic oscillator po-
tential of height VB and frequency w.[12]
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Where ydiffusivitsurfaceisr

For near spherical nuclei small diffusivity 0.6 can describe fu-
sion data [13].

For the reaction 5116 VO +  applying Taylor expansion on
equation 2.25,
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Using the values of m and a, the cross section can be put as
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2.2 The MATLAB code
The numerical approximation can be determined using differ-
ent numerical integration techniques [11]. Among the tech-
niques are the trapezoidal rule, Simpson’s one third rule and
Simpson’s three-eight rules. The function that helps us to cal-
culate the reaction cross section was first formulated in section
2.1 as equation 2.27. Using this equation, a MATLAB code was
developed using Simpson’s one third rule that approximates
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the integration of the function numerically as shown in equa-
tion 2.26. The MATLAB code calculates the reaction cross sec-
tion when the specific projectile energy value is used after it
evaluated the value for the function indicated in equation 2.27.
Using the upper and lower limits in equation 2.27, the number
of segments necessary to calculate the approximation is de-
termined using the error estimation equation.

4

5
0

180
)(

n
xxM n -

=e

3. RESULTS AND DISCUSSION
,
The CSs of eight residue nuclei have been compared and
analyzed with theoretical predictions based on Numerical
Approximation using MATLAB code, PACE4 and COMPLET
 codes.   The lower boundary projectile energy was taken
 from the reults of calculations using equation 2.17. In the current
study, to compare the theoretical cross section with the experimental
data the excitation functions will be calculated by a reasonable com-
bination of the level density parameter k, initial excitation number n,
and MFP multiplier. To this end, effect of parameter varation is em-
ployed.
3.1 Effects of Parameter Variations on the Theoretical
Calculations
The best combinations of the parameters used in this paper are
detrmined so that uniform values of these parameters will be
used in calculating the EFs for the production of the eight res-
idue nuclei. Theoretical cross section compared with experi-
mental data by varying level density parameters for randomly
choosen 631651 )31,( ZnnpOV  reaction.

PACE4 CODE
The important parameter in the PACE4 code is the level densi-
ty parameter ‘a’. The level density parameter ‘a’ is calculated
using the relation a=A/k, where A is the mass number of the

compound system and k is a free constant which may be var-
ied to match the experimental data. Hence to determine the
value of k for the best fit data the free constant k is varied from
8 to 10 by step one for 631651 )31,( ZnnpOV  reaction.
COMPLET CODE
The parameters that play important role in the calculations of
excitation function are the level density parameter ‘a’ for the
compound nucleus formation and the exciton number n  and
the mean free path multiplier MFP  for  the  pre-compound  for-
mation. These parameters were used in this code to observe the
varation effect.
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Table 3.1- Experimentally measured cross sections (in mb) for the eight residues
Nuclei

ELAB(MEV) Residue Nuclei

Cu61 Co61 Co58 Co56 Mn54 Zn62 Zn63 Ga65

58.1 - - - - - - - 7.7

58.3 - - - - - - 28 -

58.4 - 13.3 - - - - - -

60 213.6 - 46.8 - 23.5 0.5 - -

68.9 - - 78

69 267 - 88.3 - 42.3 1.9 - -

69.4 - 17.1 - - - - - -

69.6 - - - - - - - 1.18

71.7 - 20.6 - - - - - -

72.1 - - - - - - 94 -

72.2 - - - - - - - 0.46

79.8 204.9 - 106.1 2.16 80.9 14.6 - -

82.1 - - - - - - 109 -

82.2 - - - 2.4 - - - -

82.3 - 23 - - - - - -

87.4 - - - 12.5 - - 37 -

92 94.3 - 73.2 15.25 108 28.1 - -

93.3 - - - - - - 32 -

93.4 - 14.1 - - - - - -

93.5 - - - 23 - - - -

Source: International Atomic Energy Agency (IAEA)-Nuclear Data Services, Experimental Nuclear Reaction Data (EXFOR), Vienna,
Australia,
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Fig.  3.1.1 Theoretical cross section compared with experi-
mental data by varying level density parameters
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Fig. 3.1.2 Theoretical cross section compared with experi-
mental data by varying mean free path multiplier
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 Fig. 3.1.3 Theoretical cross section compared with experim
ental data by varying exciton number
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 Fig. 3.1.4 Theoretical cross section compared with experi-
mental data by varying level density parameter
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 Fig. 3.1.5 Theoretical cross section compared with experi-
mental data by changing the numerical method

From figures 3.1.2 and 3.1.3, it can be observed that the theo-
retical prediction is fairly comparable with the experimental
cross section for the mean free path multiplier MFP=1 and ex-
citon number n=18.The variation in level density parameter
shows a slight agreement between the theoretical and experi-
mental cross section as shown in figure 3.1.4 for k=10. Hence
level density parameter k=10 might be preferably chosen com-
pared to the remaining level density parameters.
Accordingly, from the results of graphs 3.1.1-3.1.4, the best
combination of parameters for the analysis and calculations of
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excitation function will be level density parameter k=10 for
PACE4 code and mean free path multiplier MFP=1, exciton
number n=18 and level density parameter k=10 for COMPLET
code.
The effects of the variation of numerical approximation tech-
nique on reaction cross section was also made and for higher
and lower extreme of projectile energy in figure 3.1.5, the nu-
merical methods agree with the experimental data. At those
agreements, Simpson’s one third method is comparably better
than both the Simpson’s 3/8 rule and trapezoidal rule.

Based on this combination, the theoretical cross section will be
compared and analyzed for the residue nuclei Cu61, Co61, Co58,
Co56, Mn54, Zn62, Zn63 and Ga65 below.
3.2 Excitation Functions for Experimentally Measured
and Theoretically Calculated Values
In the production of residue nucleus 61Cu , experimentally
measured cross section is higher than the theoretically calcu-
lated values for PACE4 C and the numerically obtained data
as shown in the figure 3.2.1. The enhancement in the measured
value over theoretical value can be attributed to ICF’s domi-
nant reaction mechanism in which the break-up of 16 O in to 14

C + 4
2a  may occur at higher energies. The fragment 14 C com-

pletely  fuses  with  the  target  forming  an  excited  CN of   Zn65*

and leaving 4
2a  as a spectator. The compound nucleus emits

two neutrons while it de-excites. The enhancement in the ex-
perimental cross section is more for PACE4 at higher energies.
The numerical data calculated using MATLB displays the dis-
parity between the calculated and measured data in agree-
ment with the theoretical predictions of PACE4 and especially
it fits with the PACE4 for higher energies. The COMPLET code
only agrees with the PACE4 predictions only for 69Mev

                     Fig.3.2. 1 Production of Cu61

                        Fig. 3.2.2 Production of Co61

It can be clearly observed that the experimental data is much
higher than the calculated data in the production of the evapo-
ration residues 61Co. Hence the theoretical value obtained us-
ing PACE4 Code could not reproduce the experimental data
indicating the contribution from   incomplete fusion reactions
of the projectile with the target.
 There may be a breakup of 16O into 12C and 4

2a  with subse-
quent incomplete fusion of 12C in the reaction 51V (16O, A) 63Cu;
the evaporation of two protons leads to the formation of the
residues. The results of the numerical integration are above
the experimental data. Hence it is unable to identify the ICF
contributions in the production of 61Co.
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                  Fig. 3.2.3   Production of Co58

.

                       Fig. 3.2.4 production of Co56

Fig. 3.2.5 Production of Mn54

              Fig. 3.2.6 Production of Zn62

                  Fig. 3.2.7 Production of Zn63
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Fig. 3.2.8   Production of Ga65

From figure 3.2.3, it can be seen that the experimental data

were  much  and  higher  than  the  theoretical  value  of  the  two

codes including the numerical approximation especially at

projectile energy greater than 60MeV. There is a significant

enhancement in the experimental cross section over the theo-

retical cross section. Hence for the production of Co58, there is

a dominant contribution from ICF reaction process. The pro-

jectile may break-up into 2a  and 8Be where 8Be fuses with the

target forming a CN and leaving 2a  as a spectator. The excit-

ed CN *59Co emits on neutron during its de-excitation.

The numerical data signifies the ICF contribution in agreement

with the PACE4 and COMPLETE codes.

In the reaction 561651 )32,( ConOV a , the experimental data is

reproduced by calculated data obtained through the Complete

Code for pre-equilibrium reaction for almost all the projectile

energies as shown in figure 3.2.4. Hence a pre-equilibrium

reaction has a significant contribution for this reaction.  As the

energy of the projectile increases, the experimental result is

showing a slight rise compared to the theoretical values. This

difference in the experimental and theoretical calculations

may be attributed to errors made in both the experiment and

the code.

The numerical data and the PACE4 result show agreement

with the experimental values at higher and lower energies

respectively. In the production of Mn54 the experimental data

is very much higher than the `theoretical data calculated using

PACE4 and COMPLET CODES.  This enhancement of the

measured values over the calculated ones is as a result of the

contribution from the ICF reaction process. The excited CN

formed from fusion of 8Be with 51V emits two protons and

three neutrons subsequently during its de-excitation. The nu-

merical approximation data calculated using MATLB displays

this disparity between the calculated and measured values as

shown in figure 3.2.5 at higher energy. In the reac-

tion 621651 )41,( ZnnpOV  theoretically obtained, especial-
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ly from PACE4, results are comparable to the experimentally

measured data as shown in figure 5.2.6.  So in this reaction the

projectile 16O  is assumed to be fuse completely with the

target nucleus V51 forming the excited state Ga67*, and this

excited state emits four neutrons and one proton, during the

thermalization, leaving behind the residual nucleus Zn62.

The numerical data agrees with the PACE4 in reproducing the

measured date especially at higher energies. In this reaction

the projectile completely fuses with the target. The Complete

code has a cross sectional data that does not agree with the

measured  values.  In  the  production  of  Zn63, the experimental

data is reproduced by calculated cross section using COM-

PLET code for the compound nucleus formation as shown

from figure 3.2.7.   Hence the projectile is completely fused

with the target forming an excited nucleus that subsequently

emits three neutrons and one proton during its de- excitation.

The agreement implies the contribution of the CF is dominant

for this reaction. The numerical calculation agrees to this out-

come for the lower and higher energies as shown in the figure

and the PACE4 data also supports the complete fusion reac-

tions. In this reaction the excited nuclei Ga67* emits two neu-

tron forming a residue nucleus of Ga65. The theoretically calcu-

lated cross section using PACE4 is perfectly matching with the

experimental value for level density parameter K=10. Hence it

can be said that the projectile is completely fused with the tar-

get indicating the contribution of CF reaction’s dominance

based on the PACE 4 code.

It can be observed from figure 3.2.6, 3.2.7 and 3.2.8 that the EFs

for the production of Zn62, Zn63 and Ga65 is in fair agreement

with the theoretical predictions made by PACE4 code and

COMPLETE code for compound nucleus formation. These

evaporation residues are produced as a result of proton and

neutron emission in xn and pxn channels of reaction without

involving a emission. Hence it can be said that the xn and pxn

channels are populated via the CF.

The evaporation residues produced by the reac-

tions 611651 )21,( CunOV a , 581651 )12,( ConOV a ,

611651 )2,( CopOV a and 541651 )322,( MnnpOV a in-

volve a -emissions. The theoretical values could not repro-

duce the experimental value as shown in the figure 3.2.1-3.2.4

and figure 3.2.6. As the PACE4 model predicts the cross sec-

tion for CF only and COMPLET code predicts pre-equilibrium

and compound nucleus formation, the difference in cross sec-

tion between experimental and theoretical cross sections can

be attributed to incomplete fusion reaction.

In  the  production  of  Co56, a pre-equilibrium reaction mecha-

nism was detected as the experimental data fits with the

COMPLET code data for pre-equilibrium reactions.

3.3 Percentage Fraction of Incomplete Fusion
From the above discussions it is evident that the ICF reaction

contributes significantly to the evaporation residue cross sec-

tion. This contribution can be analyzed further using Gomes et

al., [14] by determining the difference of the total measured

cross section and total PACE4 reaction cross sections for all

a -emitting channels .

Hence the % ICF fraction can be calculated as 100x
TF

ICF

å
å

s
s

.

This percentage fraction against the projectile energy is plotted

in figure 4.3.1. This figure shows that the total ICF cross sec-

tion below the experimental cross section and more important-

ly it is increasing as projectile energy increases.
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4. CONCLUSION

In the present work the cross sections of eight evaporation
residue were studied as a result of the heavy ion induced reac-
tion of 16O + 51V in the energy range 56Mev-95Mev. The study
can be used as a base line for further investigations of reaction
cross section on heavy ion reaction using MATLAB. It can also
validate the the outcomes of computer codes as it involves
triangulation for the analysis of cross section data from exper-
imental value, computer codes and MATLAB programing.
Diffeent channels of reaction were observed namely: xn, pxn,
αxn, αxp, 2αxn and 2αxpxn for x = 2,3 and 4. The reaction cross
sections were calculated in three different ways using Numer-
ical  a  proximation  with  MATLAB  program,  COMPLET  code
and PACE4 code. In these reactions, it can be concluded that
the comparison of the calculated data with the experimental

data showed the reaction mechanisms Pre-equilibrium reac-
tion, the Complete Fusion (CF) and Incomplete Fusion (ICF)
were involved in the production of the residue nuclei. In
alla -emitting channel of reactions, the theoretical data could
not reproduce the experimental data indicating negligible con-
tributions from CF. Hence, it can be concluded that dominant
contribution comes from the incomplete fusion that takes
places as a result of break-up of the projectile 16O in to a  and

12C in the production of Cu61  and Co61,  and break -up of the
projectile O16 in to 2a and Be8 in the production of Co58, Mn54.
The non-a emitting channels of reactions in the production of
Zn62, Zn63 and Ga65 undergo complete fusion of the projectile
O16 in to the target V51. This is quite expected as this evapora-
tion residue is associated with the emission of neutron and
proton in xn and pxn channels of reaction without involving
a emission. Hence it can be generally said that the xn and pxn
channels are populated via the CF.
 In the case of residue nucleus Co56 the dominant reaction
comes from pre-equilibrium reaction mechanisms. This is an
evidence for the contribution of pre-equilibrium reactions in
heavy ion reaction.
The numerical data calculation was done using MATLAB pro-
gram based on fusion cross section of Wong’s formula. This
data fairly agrees with predictions of PACE4 and COMPLET
code results as in the a -emitting channels. It also agrees with
the  prediction  of  the  two  codes  in  reproducing  the  experi-
mental data in the production of Zn62 and Zn63  which are non
a -emitting channels.
As such, it may be concluded that apart from CF, the ICF is
also a process of greater importance even at the low energies
and hence, while predicting the total reaction cross-sections,
ICF contribution should also be taken into consideration. Fur-
ther, as expected percentage fractions for the α2n,

na2 and p2a channels of reactions is found to increase with
increasing energy.
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