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The fusion and breakup reactions of some light projectiles on light and medium targets using semi-classical and full quantum mechanical 
approaches were adopted to calculate the total cross section 𝜎  and the distribution of the fusion barrier 𝐷  for the systems 12C + 48Ti, 
16O+63Cu, 35Cl+25Mg and 35Cl+27Al. The coupling between the channel’s contribution from elastic and breakup channels were considered 
to show their importance in the calculations. The results compared with the measured data and shows reasonable matching, and it is shown 
that the coupling considered is very essential to be considered, especially below the Coulomb barrier Vb. 
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1. INTRODUCTION
One of the most important modern researches fields in nuclear physics is studying the collision of weakly bound stable 

and radioactive nuclei, around the potential barrier [1]. The understanding of the processes associated with these reactions can 
be achieved throw adopting both theoretical and experimental offers in order to obtain the best agreement between them. many 
researches during the last years supported the strong relation between the different nuclear reaction modes starting by the 
elastic scattering and ending with the fusion reaction, so that will provide the researchers with a wide field of reaction modes 
to collect more information about the secrets of the nuclear structure and properties of our universe ingredients. The weakly 
bound systems collisions are very influenced by both transfer and breakup channels which have a very large cross-section 
according to their low breakup threshold. The projectile mass is one of the most effective factors on the reaction strength, so it 
is very important to study the reactions with medium mass projectile to examine the relationship between reaction modes and 
bombarding energy and nucleon number. The fusion of weakly bound colliding projectiles was very effected statically by their 
fusion barrier characteristics such as its long tail energy which cause a lower barrier and by the way will give an enhancement 
to the cross section of the fusion at the energies at the sub-barrier [2, 3]. Dynamically, fusion was affected by the different 
channels coupling, including the elastic, breakup, inelastic and transfer ones [4]. The kinetic energy of the projectile should 
exceed the corresponding Coulomb barrier for producing nuclear reaction [5]. 

All of the energy, mass number, momentum, charge, spin and parity are conserved during the nuclear reaction. The 
Q-value have a great effect on the fusion calculations because it represents the amount of energy emitted or absorbed during 
the reaction [6]. The two colliding nuclei in the fusion reaction are considered as objects with rigid spherical shape that
interact with the potential barrier so the probability of nuclear fusion to accurse represents the ability of the system to
penetrate the potential barrier [7], 8]. There are many important factors that have a major role in the experimental
determination of the fusion cross section such as the colliding nuclei internal degrees of freedom relative motion, the
particles transfer and the nuclear deformation [9, 10]. The collision process is very complex at low temperature, so to be
understood it need to unify the description for the different reaction mechanism with a unique nuclear potential [11]. The
fusion is very complex reaction because of the combination between the coulomb and nuclear interactions in addition to
the effect of the flexible intrinsic synthesis during the reaction and the different reaction channels [12].

This study aims to study the fusion reaction of light projectiles on light targets for the systems 12C + 48Ti, 16O+63Cu, 
35Cl+25Mg and 35Cl + 27Al by using semi-classically and full quantum mechanically methods where the coupling between 
the elastic and breakup channels will be considered. 

2. THE SEMI-CLASSICAL TREATMENT
2.1. The single channel theory 

In one-dimensional potential model, we need to use the semiclassical approach for the fusion cross-section 
determination by eliminating the degree of freedom by the relative motion between the colliding heavy ion only. [13,14,15]. 
Semi-classically, this can be treated by the assumption of energy and momentum independent Schrödinger equation; −ħ ∇ 2𝔲⁄ +⩗ 𝑟 − 𝐸  ψ r = 0, (1) 

where 𝜇 and ⩗ 𝑟  are the reduced mass and total energy potential of the system respectively. The time dependence 
function can be used to determine the semiclassical amplitudes by evaluating the particle trajectory using classical 
dynamics, including all the potential types, as; 
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  ⩗ 𝑟 =⩗ 𝑟 +⩗ 𝑟 + ⩗ 𝑟 . (2) 

In addition, the complex potential which represents the imaginary part of the nuclear potential, should be contained. 

 𝑉 𝑟 =  𝑈 𝑟 − 𝑖𝑊 𝑟 . (3) 

The above method can be used to study the effect of the nuclear potential with its real and imaginary parts on the 
interacting 𝑙 waves [13,16,17]. According to the semi-classical theory, the fusion takes place when the nuclei be closer to 
the barrier, and the WKB approximation can be used to determine the penetration probability below the 
barrier [13,18,19,20].  

 𝑃 ℓ,𝙴 = 𝚔 𝚛 𝚛 . (4) 

Then it can be simplified as: 

 𝑃 𝑙,𝐸 = ℏ . (5) 

Where 𝑟( ) and 𝑟( ) represent the turning points of the fusion barrier potential for its inner and outer and 𝜅 (𝑟) is the wave 
number. If a parabolic function used as an approximation for the fusion barrier, then the Hill–Wheeler formula can be 
used to find the penetration probability above the barrier [13]. 

 𝑃 (𝑙,𝐸) = ℏ ( ) . (6) 𝐸 is the bombarding energy and 𝑉 (𝑙) is the height parameter of the partial wave fusion barrier with curvature parameter Ω . The fusion cross-section can be determined by using the WKB approximations as [17, 21]: 

 𝜎 (𝙴) = 𝚔 ∑(2𝑙 + 1)𝑃 (ℓ,𝙴), (7) 

 𝑃 (ℓ,𝙴) = 𝚔𝙴 𝑑𝑟 𝑢 (𝚔 ,𝚛) 𝑊 (𝚛). (8) 

In the above equation, uγl(𝚔γ ,𝚛) refers to the wave function of the radial part in γ channel, and the potential imaginary part 
denoted by 𝑊 (𝚛) .  

The using of semiclassical theory to compute heavy ions fusion cross section by approximating the trajectory 𝑟, and 
the projectile intrinsic states ( ƹ ) using the Coupled-Channel Continuum Discretized (CCCD) method with the helpful of 
Winther and Alder (AW) theory [21,22,23,24,25]. The Hamiltonian of the projectile is,  

 ℎ = ℎ (ƹ) + 𝑉(ƹ,𝚛), (9) 

where h (ƹ) is the Hamiltonian fundamental states and ⩗ (ƹ,𝚛) is the interaction potential that determine as; ⩗ (ƹ,𝚛) =⩗ (ƹ,𝚛) +⩗ (ƹ,𝚛). 

The path of Rutherford transmits on the reaction energy,𝐸, and the momentum, 𝑙. Classically, the potential can be solved as; ⩗ (𝚛) = ⟨ψ | ⩗ (𝚛, ƹ)|ψ ⟩, 
where Ψ  refers to the bounded state of the projectile. Therefore, time dependence Schrödinger equation have been 
satisfied inn both ξ-space ⩗ (ƹ. 𝑡) = 𝑉 𝚛 ( ), ƹ  and Hamiltonian for intrinsic eigenstates |ψ  [26, 27], 

 ℎ|ψ = 𝜀|ψ . (10) 

The wavefunction expansion as a function of the intrinsic ground sate is,  

 ψ(ƹ, 𝑡) = ∑𝑎 (𝑙, 𝑡)ψ (ƹ)𝑒 ħ⁄ . (11) 

Then the AW equation can be written as; 

 𝑖ħ 𝑎 (𝑙, 𝑡) = ∑ ψ ⩗ (ƹ, 𝑡) ψ 𝑒 ħ𝛾𝜖(𝑙, 𝑡). (12) 

The AW equations can be computed by the assumption of the ground state at initial conditions 𝑎 (𝑙, 𝑡 → −∞) = 𝛿 . 
The final population of 𝛾-channel final population of the collision is 𝑃 (𝑙,𝙴) = 𝑎 (𝑙, 𝑡 → −∞)  , where 𝑙 is the angular 
momentum [17]. 
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2.2. The Coupled Channel Description 
The dynamics of the projectile-target can be described by using 𝑟 and 𝜉 in the projectile intrinsic Hamiltonian 𝐻 (𝜉) 

and the interaction of the projectile-target 𝑉(𝑟, 𝜉) as; [28], 

 𝐻 = 𝐻 (𝜉) +⩗ (𝚛, ƹ). (13) 

The eigenstates of 𝐻 (𝜉) is [28], 

 𝐻 |𝜑 = 𝜀 |𝜑 , (14) 𝜀  is the internal motion energy. 
There are two steps to consider the AW method. First, the evolution of time of the variable 𝑟 has been considered 

classically. The energy 𝐸, and the momentum ℏℓ are the two effected parameters on the path with 𝑉(𝑟) =⟨𝜑 |𝑉(𝑟, 𝜉)|𝜑 ⟩, where |𝜑 ⟩ represents the ground level. The coupling will be a time dependence and 𝑉ℓ(𝜉, 𝑡) ≡𝑉(𝑟ℓ(𝑡), 𝜉). Second, the quantum mechanical time-dependent problem has been used to treat the dynamics in the intrinsic 
apace. Throw expanding the wavefunction as [29],  

 𝜓(𝜉, 𝑡) = ∑ 𝑎 (ℓ, 𝑡)𝜑 (𝜉)𝑒 ℏ⁄ , (15) 

the AW equations can be evaluated by substituting the above expansion into Schrodinger equation, we get [32], 

 𝑖ℏ𝑎 (ℓ, 𝑡) = ∑ 𝑎 (ℓ, 𝑡) 𝜑 𝑉ℓ(𝜉, 𝑡) 𝜑 𝑒 ℏ⁄ . (16) 

Under the initial conditions at the ground state the solution of the coupled differential equations can to be obtained by 
assuming 𝑎 (ℓ, 𝑡 → −∞) =  𝛿 , at (𝑡 → −∞). The final population is 𝑃ℓ( ) =  𝑎 (ℓ, 𝑡 → +∞)  , where ℓ is the angular 
momentum at 𝛽 channel. the integration of the cross section gives [29,30],  

 𝜎 = ∑ (2ℓ + 1)𝑃ℓ( )ℓ  . (17) 

For a simple determination of the fusion reaction cross section, the whole contribution channels can be assumed to be 
bound to zero spin. Using the expansion of the wave function for all contributions, leads to [18], 

 𝜎 = ∑ ∑ (2ℓ + 1)𝑃ℓ (𝛽)ℓ , (18) 

with, 

 𝑃ℓ (𝛽) = 𝑊 (𝑟) 𝑢 ℓ(𝑘 , 𝑟) 𝑑𝑟. (19) 

Where 𝑊  is the imaginary part of the optical potential in the channel 𝛽 and 𝑢 ℓ(𝑘 , 𝑟) its ℓth-partial wavefunction.  
The approximated formula can be adopted to find the cross section with the help full of AW, as [28], 

 𝑃ℓ (𝛽) ≃ 𝑃ℓ( )𝑇ℓ( ) 𝐸 . (20) 

above, 𝑃ℓ( )
 represents the probability of 𝛽 -channel for the system to be at classical trajectory, and 𝑇ℓ( ) 𝐸  is the 

probability for the particle at 𝐸 = 𝐸 − 𝜀  and reduced mass 𝜇 = 𝑀 𝑀 /(𝑀 + 𝑀 ) , referring to the masses of the 
projectile and target by 𝑀 ,𝑀 , respectively, [28]. 

By using loosely bound projectiles, the CF for some systems will be studied. For simplicity, the projectile ground 
state is considered to be the only bound one in which the breakup reaction achieved in two parts, F1 and F2 . therefore, it 
will be referred to the ground and breakup states by the labels 𝛽 = 0 and 𝛽 ≠ 0 , respectively. If the sequential 
contribution has been neglected, the CF can only contribute from the elastic channel. So, 𝜎  is determined as,  

 𝜎 = ∑ (2ℓ + 1)𝑃ℓ 𝑇ℓ( )(𝐸) ℓ . (21) 𝑃ℓ  is the survival probability, which is given by; [18]. 

 𝑃ℓ ≡ 𝑃ℓ( ) = |𝑎 (ℓ, 𝑡 )|  . (22) 

 
2.3. Quantum Mechanical Approximation 

The relative motion between the colliding nuclei in addition to the nuclear intrinsic degrees of freedom need to be 
studied quantum mechanically by assuming Ψ(𝐫, 𝜉) to be the entire wave function for the reaction with r represents the 
separation vector of the projectile and target while 𝜉 refers to their intrinsic coordinates set. By the Hamiltonian, the 
reaction dynamics can be determined as [18], 𝐻 = 𝐻 + 𝑇 + 𝑈(23). 
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In which H0 represents the inherent Hamiltonian, T is the operator of the energy associated with the collide nuclei 
movement which given as 𝑇 ≡ −ℏ 𝜵 /2𝜇, and the potential of the interaction 𝑈 ≡ 𝑈(𝐫, 𝜉). an intrinsic Hamiltonian with 
eigenstates |𝛼⟩ can satisfy the Schrödinger equation as [13], 𝑒 − 𝐻 |𝛼⟩ = 0. (24)

With ⟨𝛼 |𝛼⟩ = 𝑑𝜉 𝜑∗ (𝜉) 𝜑 (𝜉) = 𝛿 , (25)

where the wave function 𝜑  (𝜉)  𝜑  (𝜉)  is corresponding to |𝛼⟩ ( |𝛼⟩) state in the 𝜉- space. The potential represented 
as, 𝑈 = 𝑈 + 𝑈 , (26)

where 𝑈  is the channel space diagonal, such that [13], 𝑈(r) = 𝑑𝜉 |𝜑 (𝜉)|  𝑈 (r, 𝜉), (27)𝑈 , (r) = 𝑑𝜉 𝜑∗ (𝜉) 𝑈 (r, 𝜉) 𝜑 (𝜉). (28)

The potential 𝑈  is not random for the diagonal in channel space. It is appropriate to take 𝑈  in the case of 𝑈  is not 
diagonal and 𝑈 = 𝑈 − 𝑈  with [13], 𝑈 , (𝐫) = 𝑑𝜉 𝜑∗ (𝜉) 𝑈 (𝐫, 𝜉) 𝜑 (𝜉) −  𝛿  𝑈 (𝐫), (29)

from the Schrödinger equation, the equation of the coupling is, (𝐸 − 𝐻) |Ψ (𝛼  𝐤 )⟩ = 0, (30)

and the expansion, |Ψ (𝛼  𝐤 )⟩ = ∑ |𝜓 (𝛼  𝐤 )⟩ |𝛼⟩, (31)

where |Ψ(𝛼  𝐤 )⟩ represents the collision initiating in channel 𝛼 , 𝐤  is the wave vector, the energy scale was chosen to 
be 𝑒 = 0 . The Schrödinger equation solution components according to the off-diagonal part of the reaction are |Ψ (𝛼  𝐤 )⟩ for 𝛼 = 𝛼  and 𝛼 ≠ 𝛼  . The Hamiltonian written as [13], 

𝐻 = 𝐻 + 𝐻 + 𝑈 . (32)

We can get the coupled channel equations from Eqs. (24), (25) and (23) as, [13], (𝐸 − 𝐻 )|𝜓 (𝛼  𝐤 )⟩ = ∑ 𝑈 , (𝐫) |𝜓 (𝛼  𝐤 )⟩. (33)

With using |𝜓 (𝛼  𝐤 )⟩ ⟶ 𝜓 (𝐫) in Eq. (25), we get, 𝑈 = 𝑉 + 𝑖𝑊 . (34)

The imaginary part 𝑊  refers to the flux gain by the other channels from channel 𝛼. The non-Hermitian nature of H leads 
to break down of the continuity equation, while for the Hermitian 𝑈  in the coupled channel interaction, the continuity 
equation has the form [30].  𝛁 ∙ ∑ 𝐉 =  ℏ ∑ 𝑊 (𝐫) |𝜓 (𝐫)| ≠ 0. (35)𝐉  represents the probability density. By taking the integration of Eq. (39) in spherical region covering the interaction area 
and with the helpful of 𝜎   definition, we get [22], 𝜎 =   ∑ ⟨𝜓 |𝑊 |𝜓 ⟩, (36)

the potential absorption is given as; 𝑊 = 𝑊 + 𝑊 , (37)

where 𝑊  refers to the lost flux and 𝑊  refers to the fusion absorption in channel α, the total cross section represented 
as [22], 𝜎 =   ∑ ⟨𝜓 |𝑊 |𝜓 ⟩. (38)
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3. FUSION BARRIER DISTRIBUTION 
The ability of the wave to cross a barrier is influenced by the fusion due to the opposite nuclear and Coulomb forces. 

One of the most important factors that should be taken into account is the fusion barrier distribution 𝐷  that can be 
divided into several to describe the coupling effect as [13, 18],  

 𝐷 (𝐸) = ( ) . (39) 𝐹(𝐸) in the above equation is given by; 

 𝐹(𝐸) = 𝐸𝜎 (𝐸). (40) 

It is very important to understand the fusion reaction through collecting information on the collision coupling 
channels from the distribution of the fusion barrier, the most important progress of that understanding can be achieved 
from the experimental data of the reaction. From the above equation we have numerical uncertainties that appears from 
the barrier distribution data extraction [28, 29]. 

 𝐷 (𝐸) ≈ ( ∆ ) ( ∆ ) ( )∆ , (41) 

where ∆𝐸 is the energy value between the measured total fusion reaction cross sections. There is a statistical error 
associated to the fusion barrier distribution that can be determined from Eqn. 24, as [30], 

 𝛿𝐷 (𝐸) ≈ ( ∆ ) ( ∆ ) ( )(∆ ) , (42) 

where 𝛿𝐹(𝐸) refers to the confidence (𝐸𝜎 ) product at a certain energy of the reaction. The uncertainty can be given as [18], 

 𝛿𝐷 (𝐸) ≈ √ ( )(∆ )  (43) 
 

4. RESULT AND DISCUSSION 
The effect of the breakup channel on fusion reaction have been studied by adopting the semi-classical theory 

performed using code SCF and the coupled channel with continuum discretized (CCCD) conducted by the code CC to 
obtain the fusion cross section (𝜎  ) and the fusion barrier distribution (𝐷  ) for the systems 12C + 48Ti , 16O+63Cu , 
35Cl+25Mg and 35Cl + 27Al . The WS potential parameters are tabularized in Table 1. 
Table 1. The WS potential parameters for the studied systems 

 
4.1 12C + 48Ti System 

The obtained 𝜎  and 𝐷  for 12C + 48Ti are drown in Figure 1 with its labels (a) and (b), respectively. 
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Figure 1. The semiclassical calculations with the blue colour and quantum mechanical calculations with the red colour for both 𝜎  and 𝐷  in panels (a) and (b) respectively for the system 12C + 48Ti 

 Real parts imaginary parts    

Systems 𝑽𝟎 (MeV) 𝒓𝟎 
(fm) 

𝒂𝟎 (fm) 𝐖𝟎 (MeV) 𝒓𝒊 (fm) 𝒂𝒊 
(fm) 

𝑳𝒎𝒊𝒏 𝑳𝒎𝒂𝒙 𝑽𝒃 (MeV) 

12C + 48Ti  -33.9 0.99 0.52 -10.5 0.923 0.777 0 21 24.68 
16O+63Cu -91.9 1 0.9 -27.6 0.931 0.769 0 39 32.72 

35Cl+25Mg -100 1 0.8 -29.6 0.935 0.765 0 45 30.4 
35Cl +27Al -63.8 1.18 0.74 -18.8 0.937 0.763 0 44 30.7 
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The semiclassical calculations are represented in blue colour curves, while quantum mechanical calculations are 
represented in red colour curves. The solid and dashed curves represent the calculations with and without the channel 
coupling respectively. Figure 1 show that the best obtained calculations for both 𝜎  and 𝐷  under and above the 
Coulomb barrier Vb are those including the channel coupling in the quantum mechanical calculations.  

4.2 16O+63Cu System 
The calculations for 𝜎  are more accurate for those treated using the simiclassical treatment with channel coupling 

as shown in panel (a) of Figure 2, while the best calculations for 𝐷  are those treated using the quantum mechanical 
treatment with channel coupling as shown in panel (b) of Figure 2.  
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Figure 2. The semiclassical and quantum mechanical calculations for both 𝜎  and 𝐷  
in panels (a) and (b) respectively for the system 16O+63Cu 

4.3 35Cl+25Mg System 
The calculations for 𝜎  are in more agreement with the experimental data for those treated using the semi-classical 

approach with channel coupling as shown in panel (a) of figure 3, while the best 𝐷  calculations are those treated using 
the channel coupling in quantum mechanical treatment as shown in panel (b) of the figure. 
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Figure 3. The semiclassical and quantum mechanical calculations for both 𝜎  and 𝐷  
in panels (a) and (b) respectively for the system 35Cl+25Mg 

4.4 35Cl +27Al System 
Panel (a) in figure 4 show in panel (a) that the best obtained calculations for 𝜎  under and above the Coulomb 

barrier Vb are those calculated using semi-classical treatment with effect of coupled channel included, while the panel (b) 
show that the best calculations for 𝐷  are those obtained using the quantum mechanical treatment with the effect of 
channel coupling. 
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Figure 4. The semiclassical and quantum mechanical calculations for both 𝜎  and 𝐷  

in panels (a) and (b) respectively for the system 35Cl +27Al 
 

5. CONCLUSION 
The results for all the studied systems show a remarkable influence for the channel coupling on the calculations of 𝜎  and 𝐷  for 12C + 48Ti, 16O+63Cu, 35Cl+25Mg and 35Cl + 27Al systems, also we conclude that quantum mechanical 

treatment was proved to be successful for the total cross section determination while the fusion barrier distribution. The 
semi-classical calculations succeeded in describing the measured data especially above the Coulomb barrier Vb. 
 

ORCID ID 
Malik S. Mehemed, https://orcid.org/0009-0002-7892-2032 

 
REFERENCES 

[1] R. Fereidonnejad, H. Sadeghi, and M. Ghambari, Astrophys. Space Sci. 363(3), 50 (2018). https://doi.org/10.1007/s10509-018-3272-7 
[2] P.R.S. Gomes, J. Lubian, L.F. Canto, D.R. Otomar, D.R.M. Junior, P.N. de Faria, R. Linares, et al., “Reactions with Weakly 

Bound Nuclei, at near Barrier Energies, and the Breakup and Transfer influences on the Fusion and Elastic Scattering”, Few-
Body Syst. 57, 165-176, (2016). https://doi.org/10.1007/s00601-015-1036-2 

[3] K.S. Choi, M.K. Cheoun, W.Y. So, K. Hagino, and K.S. Kim, “Coupled-channels analyses for 9,11Li + 208Pb fusion reactions with 
multi-neutron transfer couplings”, Physical Letters B, 780, 455–460, (2018). https://doi.org/10.1016/j.physletb.2018.03.049 

[4] L.F. Canto, P.R.S. Gomes, J. Lubian, L.C. Chamon, and E. Crema, Journal of Physics G: Nuclear and Particle Physics, 36, 015109 
(2009). https://doi.org/10.1016/j.physletb.2018.03.049 

[5] M. Veselský, “Nuclear reactions with heavy ion beams”, Act. Phys. Slo. 63, 1 (2013). https://doi.org/10.2478/apsrt-2013-0001 
[6] P.J. Siemens, “Liquid–gas phase transition in nuclear matter”, Lett. Nat. 305, 410 (1983). https://doi.org/10.1038/305410a0 
[7] L.C. Vaz, J.M. Alexander, and G.R. Satchler, “Fusion barriers, empirical and theoretical: Evidence for dynamic deformation in 

subbarrier fusion”, Phys. Rep. 69, 373-339 (1981). https://doi.org/10.1016/0370-1573(81)90094-6 
[8] G. Pollarolo, and A. Winther, “Fusion excitation functions and barrier distributions: A semiclassical approach”, Phys. Rev. C, 

62, 054611 (2000). https://doi.org/10.1103/PhysRevC.62.054611 
[9] M. Beckerman, “Subbarrier fusion of atomic nuclei”, Phys. Rep. 129, 145 (1985). https://doi.org/10.1016/0370-1573(85)90058-4 
[10] H. Esbensen, “Fusion and zero-point motions”, Nucl. Phys. A, 352, 147 (1981). https://doi.org/10.1016/0375-9474(81)90565-0 
[11] A.B. Balantekin, and N. Takigawa, “Quantum tunnelling in nuclear fusion”, Rev. Mod. Phys. 70, 77 (1998). 

https://doi.org/10.1103/RevModPhys.70.77 
[12] N. Keeley, R. Raabe, N. Alamanos, and J.L Sida, “Fusion and direct reactions of halo nuclei at energies around the Coulomb 

barrier”, Prog. Part. Nucl. Phys. 59, 579 (2007). https://doi.org/10.1016/j.ppnp.2007.02.002 
[13] L.F. Canto, P.R.S. Gomes, R. Donangelo, and M.S. Hussein, “Fusion and breakup of weakly bound nuclei”, Phys. Rep. 424, 

1-111 (2006). https://doi.org/10.1016/j.physrep.2005.10.006 
[14] K. Alder, and A. Winther, Electromagnetic Excitations, (North- Holland, Amsterdam, 1975). 
[15] M.S. Mehemed, S.M. Obaid, and F.A. Majeed, “Coupled channels calculation of fusion reaction for selected medium systems,” 

Int. J. Nucl. Energy Sci. Technol. 14(2), 165-180 (2020). https://doi.org/10.1504/IJNEST.2020.112162 
[16] P.R.S. Gomes, M.D. Rodríguez, G.V. Martí, I. Padron, and L.C. Chamon, “Effect of the breakup on the fusion and elastic 

scattering of weakly bound projectiles on 64Zn”, Phys. Rev. C, 71, 034608 (2005). https://doi.org/10.1103/PhysRevC.71.034608 
[17] L.F. Canto, P.R.S. Gomes, R. Donangelo, and M.S. Hussein, “Recent developments in fusion and direct reactions with weakly 

bound nuclei”, Phys. Rep. 596, 1-86 (2015). https://doi.org/10.1016/j.physrep.2015.08.001 
[18] C.A. Bertulani, and L.F. Canto, “Semiclassical calculation of Coulomb break-up of weakly-bound nuclei”, Nucl. Phys. A, 539, 

163-176 (1992). https://doi.org/10.1016/0375-9474(92)90240-K 
[19] P. Gomes, T. Penna, E. Chagas, R.L. Neto, J. Acquadro, P. Pascholati, E. Crema, et al., “Fusion of 59Co with light projectiles at 

near barrier energies”, Nucl. Phys. A, 534, 429 (1991). https://doi.org/10.1016/0375-9474(91)90510-D 
[20] D.J. Griffiths, and D.F. Schroeter, Introduction to quantum mechanics, (University Printing House, Cambridge, United Kingdom, 

2018). https://doi.org/10.1017/9781316995433 

D
fu

s (
m

b
/M

eV
)

fu
s (

m
b

)



248
EEJP. 2 (2023) Malik S. Mehemed

[21] M.S. Hussein, M.P. Pato, L.F. Canto, and R. Donangelo, “Real part of the polarization potential for 11Li-induced fusion reactions”, 
Phys.Rev. C, 47, 2398-2400 (1992). https://doi.org/10.1103/physrevc.47.2398

[22] W.H.Z. Cárdenas, L.F. Canto, R. Donangelo, M.S. Hussein, J. Lubian, and A. Romanelli, “Approximations in fusion and breakup 
reactions induced by radioactive beams”, Nucl. Phys. A, 703, 633-648, (2002). https://doi.org/10.1016/S0375-9474(01)01672-4

[23] F.M. Hussain, F.A. Majeed, and Y.A. Abdul-Hussien, “Description of coupled-channel in Semiclassical treatment of heavy ion
fusion reactions”, IOP Conference Series: Materials Science and Engineering, 571, 12113, (2019). https://doi.org/10.1088/1757-
899X/571/1/012113

[24] F.A. Majeed, F.M. Hussain, and Y.A. Abdul-Hussien, “Enhanced calculations of fusion barrier distribution for heavy-ion fusion reactions 
using Wong formula”, Int. J. Nucl. Energy Sci. Technol. 13, 226-267, (2019). http://dx.doi.org/10.1504/IJNEST.2019.103237

[25] F.M. Hussain, F.A. Majeed, and Y.A. Abdul-Hussien, “Coupling channels mechanism of complete fusion reactions in some light
stable nuclei”, AIP Conference Proceedings, 2144, 30003 (2019). https://doi.org/10.1063/1.5123073

[26] A.A. Ibraheem, and A. Bonaccors, “Coulomb breakup effects on the optical potentials of weakly bound nuclei”, Nucl. Phys. A,
748, 414-432 (2005). https://doi.org/10.1016/j.nuclphysa.2004.12.036

[27] J.F. Liang, and C. Signorini, “Fusion induced by radioactive ion beams”, Int. J. Mod. Phys. E, 14, 1121-1150 (2005).
https://doi.org/10.1142/S021830130500382X

[28] M. Abramowitz, and I. Stegun, editors, Handbook of Mathematical Functions, (US Gov. Printing House, Washington, 1972).
[29] N. Rowley, G.R. Satchler, and P.H. Stelson, “On the “distribution of barriers” interpretation of heavy-ion fusion”, Phys. Lett. B,

254, 25 (1991). https://doi.org/10.1016/0370-2693(91)90389-8
[30] A.J. Najim, F.A. Majeed, and K.H. Al-Attiyah, “Improved calculation of fusion barrier distribution”, IOP Conference Series:

Materials Science and Engineering, 571, 012124 (2019). http://dx.doi.org/10.1088/1757-899X/571/1/012124

ДОСЛІДЖЕННЯ РЕАКЦІЙ ЗЛІТТЯ ЛЕГКИХ ЯДЕР ІЗ ЛЕГКИМИ І СЕРЕДНІМИ ЯДРАМИ 
Малік С. Мехемед 

Управління освіти Вавілон, Міністерство освіти, Бабіль, Ірак 
Для розрахунку повного перерізу σfus та розподілу бар’єру синтезу Dfus для систем 12C + 48Ti, 16O+63Cu, 35Cl+25Mg і 35Cl + 27Al 
були використані реакції синтезу та розпаду деяких легких ядер на легких та середніх мішенях з використанням 
напівкласичного та повного квантово-механічного підходів. Було розглянуто зв'язок між вкладом каналу від пружних каналів 
та каналів розпаду, щоб показати їх важливість у розрахунках. Результати порівнюються з виміряними даними і показують 
розумний збіг, також показано, що зв'язок, що розглядається, дуже важливий, особливо нижче кулонівського бар'єру Vb. 
Ключові слова: пов'язані канали; переріз реакцій синтезу; розподіл бар'єру синтезу 




