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Abstract: The general neutron induced reaction cross sections with the projectile neutron energy are being studied. As a 

result of this, the compound nucleus is formed through de-excitation of the selected nuclei by emitted particles γ and 2n with 

the reaction cross section at intermediate energy. The production of residual nuclide by neutron induced reaction on the 

selected nuclei has been investigated by using computer code projection angular-momentum coupled evaporation Monte Carlo 

code (PACE4). Dependence of Reaction Cross Section for Projectile Neutron with Different K Values on Target 55Mn in the 

Energy Range (0.5 - 3.42) Mev and Dependence of Reaction Cross Section for Projectile Neutron with Different K Values on 

55Mn Target in the Energy Range (11.5 - 38.5) Mev. Then, the theoretical estimated value compared with the Experimental 

value the data which obtained from International Atomic and Energy Agency, Exchange format. Results show us the reaction 

cross section vs energy of projectile neutron with target nucleus Manganese and the emitted particles were γ and 2n 

respectively with new residual nuclei, i.e. 56Mn and 54Mn, in addition to this the best fit K values are 10 and 8 for each 

channels respectively. Finally the level density parameter is the dominant parameter that can influence the reaction cross 

section from the outcome of this software by varying with free constant parameter (K). i.e., 8, 10 and 12. 
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1. Introduction 

The investigation of characters of atomic nuclei and the 

fundamental physical relationships governing their interactions 

is the basis for all nuclear technologies. The process of yielding 

of new nuclei and elementary particles in collision of particles 

and nuclei is known as nuclear reaction. This is why the 

measurement and calculations of the cross section of nuclear 

reactions as much accurate as possible and understanding of 

nuclear reaction mechanisms is an important issue. The shape of 

the difference of reaction cross-section vs excitation energy 

reveals the reaction mechanisms [1]. 

For the purpose of study neutron interaction; neutrons can 

be classified in various categories. Depending up on their 

energy as: 

1) Slow neutrons: are neutrons which have energy between 

0 and 1000 ev 

a) Cold neutrons: Neutrons having energy very small 

around 0:002ev. These neutrons have high penetrability 

in crystalline and poly-crystalline materials. 

b) Thermal neutrons: Neutrons which they are in thermal 

equilibrium with the surroundings. The energy is not 

exactly known, but of the order of E ~ kT if T=300K 

and k=1.33 �10
-16

, then E�0.025 ev. 

c) Epithermal neutrons: are neutrons whose energy is 

greater than 0.5ev. 

d) Resonance neutron: are neutrons having energy 

between 1ev and 100ev. 

2) Intermediate neutrons: are neutrons which have energy 

103
ev to 5 � 105

ev 

3) Fast neutrons: neutrons which have energy range 

0:5Mev to10Mev. 

4) Very fast neutron: neutrons having energy range of 

10Mev to 50Mev 

5) Ultrafast neutrons: neutrons having energy more than 

50Mev. 

The study of neutrons interaction with matter requires the 

knowledge or awareness of neutron energy spectrum. For 
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various applications the spectrum is poorly known. All 

neutrons are fast by nature and lose energy by colliding 

elastically with atoms in their environment and then later 

being slowed down to thermal energies they are picked by 

the nuclei of the absorbing medium [2]. 

A nuclear reaction is usually expressed in compact form as X 

(x, y) Y. The bombarding particle may be a neutron, proton, 

deuteron, triton, alpha-particle or any other heavy ion. The 

emitted particles may be a nucleon, nucleons, a nucleus or 

gamma-radiations [3]. In compound nuclei formation reactions, 

on the reaction of �� 	



 and with neutron and proton incident is 

picked by the target nucleus and its energy is shared and re-

shared among the nucleons of the compound nucleus until it 

arrives a state of statistically equilibrium. After a time much 

longer than the time required by the projectile to cross or pass 

the nucleus, a nucleon or a two or more of nucleons near the 

surface may, by a statistical fluctuation, gain enough energy to 

escape, just as a molecule may evaporate from a heated drop of 

liquid [4]. In order a nuclear reaction might formed, the 

nucleons in the projectile particles must interact with the nucleus 

in the target nucleuses. Thus, the energy must be exceeding than 

the natural electromagnetic repulsions between the interaction 

partners; this energy barriers are Coulomb barriers. If the energy 

is below the barrier energy, the nuclei will bounce off each other 

repeatedly. The energy barrier, Ec, or coulomb barrier depends 

on the atomic numbers of incident particle, must interact with 

the nucleus in the target. The energy barrier, Ec, depends on the 

atomic numbers of the target nucleus Z1 and the atomic number 

of the projectile nucleus Z2 [5]. It can be obtained according to 

the following equation; 

Ec� �

���

������
�                                (1) 

When Ec is coulomb barrier energy and its unit is MeV 

and r in cm 

Ec=1.44�10
-13.  ��.�	

�  -                        (2) 

Where r expressed the separation between the two 

nucleons and within this distance nuclear 

Forces becomes operative. It can be formulated as follows; 

r=r0 (
A

1
1//3�A2

1/3
)                               (3) 

Where, A1 is mass of projectile and A2, mass of target. 

Coulomb Barrier Potential 

Every nucleon surrounded by an electrostatic potential that 

opposes the entry and escape of the positively charged 

particles (proton, alpha, deuteron, etc.). Neutrons which are 

neutral particles are not faced coulomb barrier and accordingly 

are more readily absorbed and emitted by nuclei than are 

charged particles [6]. The coulomb barrier also impedes the 

release of a charged particle from the excited Compound 

nucleus. Also, the probability or cross section slow down 

steadily with increasing neutron energy, but in a low energy 

regions, which including the thermal range (E < 1 eV). In this 

area, the absorption cross section, which is often has peak 

values, is inversely proportional to the velocity v. This region 

is commonly referred to as the " 1 � � region", since the 

absorption cross-section is proportional to 1/v, which is the 

reciprocal of neutron velocity [7]. Consider a spherical target 

(outlined in grey in the figure 1) and a beam of particles (in 

blue) "flying" at speed v (vector in black) in the dimension of 

the target. We need to know how many particles impact it 

during time interval dt. To obtain it, the projectiles have to be 

in the black cylinder in the figure 1 (volume V). The base of 

the cylinder is the geometrical cross section of the target 

orthogonal to the beam (surface σ in red) and its height the 

length travelled by the particles during dt (length vdt) [8]: 

Volume=σ vdt                          (4) 

 

Figure 1. Interpretation of the reaction rate with the help of the nuclear 

cross section and projectile energy. 

2. Methodology 

2.1. Computer Code and Formulation 

T do such kind of research it may use different code 

among this Pace 4 has available on my current status instead 

of others. 

2.2. PACE4 Code 

The PACE4 (projection angular-momentum coupled 

evaporation Monte Carlo code) this code is guided by a 

statistical approach. Within this program the de-excitation of 

the compound nucleus is cascaded by a Monte-Carlo 

procedure. The angular momentum projections are calculated 

at each level of de-excitation, which able to the de-excitation 

of the angular distribution of the released particles. The level 

density parameter is a basic parameter which may be varied to 

much the experimental data. The impact of variation in the 

(fitting parameter) K on calculated excitation functions for the 

selected nuclei varies the level parameter density to obtain 

fitted value with experimental [9]. The permitted maximum 

energy for this code is work properly below 2000Mev. 

Little- A=Acn/K                              (5) 

The partial cross-sections ( � l) for Compound nucleus 

happened at angular momentum and 

Specific bombarding energy is given by: 

�l=
����


�� (2L�1) T1                              (6) 

Where, ��  is the reduced wavelength and T1, the 

transmission coefficient given by 

T1=�1 � exp #$%$&'(
∆ *+

%�
,                    (7) 



 Radiation Science and Technology 2021; 7(1): 1-6 3 

 

Where, ∆ is the diffuseness parameter and lmax is 

determined by the total fusion cross-section σf, since, 

σf=∑ σl0
$12                                   (8) 

It may be screen out that code PACE4 works only the 

statistical equilibrium model that is the formation of compound 

nucleus calculations and it does not concern for pre-equilibrium 

(PE) and in-complete fusion processes into consideration. 

3. Results and Discussions 

This chapter explains sample description of the analysis of 

the reaction result and, which are discussions of the main 

trends, patterns and connections that have emerged which is 

expressed by plotted graph. The cross section of neutron 

induced reaction on the new residue of 56Mn and 54Mn can be 

obtained from the excitation of ��	


3 *

 for each reaction that 

we perform from Pace 4. 

3.1. Results 

3.1.1. Channel 1 

Dependence of Reaction Cross Section for Projectile 

Neutron with Different K Values on Target 5556  in the 

Energy Range (0.5 - 3.42) Mev 

From Figure 2, channel shows that the reaction 

of ��#�,	

 

  7* ��,	



3 as a result of this gamma is ejected with 

bombarding energies from energy range of 0.5 - 3.42 Mev 

this graph is plotted for both the theoretical obtained from 

PACE4 and experimental from IAEA, EXFOR library. In 

addition to this, from figure 3, the formation of ��	

 
3  is 

obtained after excitation of ��	


3 *

. Hence, the graph is better 

fitted from energy range 0.5 - 2.22 Mev, but beyond 2.22 

Mev the formation of this radionuclide could not occurred, 

but the most fitted value for this graph is K=10. However, 

neutron is penetrated with zero (0) target barrier height, since 

neutron is charge less light ion particle, it can penetrate easily 

the target nucleus with fusion radius 8.70 fm. The numbers of 

cascades are1000 for the formation this reaction, but PACE4 

can work less than 1000000 numbers of cascades; this 

reaction is better fitted with neutron energy below 2.22 Mev. 

 

Figure 2. The influences of K (free constant) in reaction cross section for 

residue ��	


3 . 

 
Figure 3. The best fit neutron induced reaction cross-section from the above 

figure 2. i.e, ��#�,	
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3 8109. 

3.1.2. Channel 2 
Dependence of Reaction Cross Section for Projectile 

Neutron with Different K Values on 55Mn Target in the 

Energy Range (11.5 - 38.5) Mev. 

In Figure 4, it shows that the reaction of 

��#�,	



  2�* ��,	




 here is an ejected two neutron with 

bombarding neutron energies from the energy range 11.5 - 38.5 

Mev with different K values i.e 8, 10 and 12, however, the 

formation of ��,	



  is obtained after excitation of �� ;,	



3  from 

figure 5 shows us almost a best fit to the experimental value in the 

shape of curve using free fit parameter constant (K)=8, but it can 

penetrate easily the target nucleus with fusion radius 8.70 fm, the 

number of cascade is 1000 for the formation of the events. 

 

Figure 4. The influences of K interaction cross section for residue ��	



 . 

 

Figure 5. The best fit neutron induced reaction cross-section from the above 

figure ��#�,	



  2�* ��,	




  [11]. 
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From JANIS web site it describe the formation of new 

residues with cross section value supported by various 

models to arrive mean value, from the figure 6 and figure 7 

we can compare and contrast this work with another models. 

From figure 6 below, the energy range between X min-Xmax 

(10 <=> -36 => ) and the cross section range Ymin-Ymax 

(3.3594nb-7189.289b) [15], from this we can discussed that 

they are make a resonance structure with in the energy range 

(0.5-3.0) Mev. While beyond this energy this work (PACE4) 

cannot agree with the rest models. 

 

 

Figure 6. The various model can alter neutron induced reaction cross-section of ��#�,	

 

  7* ��,	



3  and present work at the right side. 

From Figure 7 below, it describes that different software or 

models can vary the values of cross sections of new residues 

with projectile neutron within the energy range Xmin-Xmax 

(1Mev-3Gev) and cross section range between Ymin-Ymax 

(43.8947 <?  -3.3425b) [16]. From the two figure we can 

discussed as they are make a Gaussian structure, further they 

have good agreement with energy gap i.e from around (10 Mev - 

35 Mev) increasing the cross section has slight variation, but 

both of them are increasing up to peak value 20Mev then return 

to decreasing the value of cross section up to 35 Mev. 
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Figure 7. The various model can alter neutron induced reaction cross-section values of ��#�,	



  2�* ��,	




  and present work at the right. 

3.2. Discussions 

From the above result, we see the output emitted particles 

are 7, 2n and each channels has its own reaction cross section 

values which as supported by the following expressions. 

The neutron-induced reaction cross sections have direct 

applications in calculating radiation levels as well as decay 

heat of various materials that have been exposed to radiation 

fields with strong neutron component [12]. 

The formerly-mentioned needs of complete and reliable 

neutron-induced reaction cross section data for Mn and Cu 

also enabled a stringent test of the differnt nuclear models 

and their corresponding account of specified effects. 

However, the main points in this respect are related to the 

Pre-equilbrum description which becomes increasingly 

significant at higher energies [13], but from this project 

mainly regarding on the occurrences of compound nucleus. 

In the excited compound nucleus, the de-excitation process 

includes obviously light particle emissions, γ-ray emissions, 

and fission. However, because of the existence of the 

Coulomb barrier for charged-particle emissions, the 

probability for the escaping of light charged particles is much 

smaller than the one for the neutron emission. As a result of 

this, most of the super heavy nuclei are obtained through the 

consecutive neutron evaporations [14]. 

4. Conclusion 

The present work, the neutron induced reaction cross 

section on Manganese at intermediate energy are almost 

discussed. As a result of this, the compound nucleus is 

formed through de-excitation of the selected nuclei by 

emitted particles such as 7, 2n, using fitting parameter (K) 

and little-A (level density parameter) are much influence the 

reaction cross section. Reaction cross section for channel one 

make a resonant structure between the energy range of (0.5-

2.2) Mev while, beyond this the cross section is down ward 

to zero, when we come to channel 2 or from figure 5 within 

the energy range of (11.5-36) Mev at K � 8, beyond this 

energy of neutron the cross section down to zero with a 

Gaussian shape. Indeed, the level density parameter is 

dependence of the free constant K are discussed using three 

possibility 
@AB

C , 
@AB
�2  and 

@AB
�	  for each channels of reactions, 

also different software have different cross section values. In 

general it makes good agreement with K values 10 and 8, as 

we see from figure 3 and figure 5 respectively. 
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