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General Introduction 
 

 

      Nuclear data measurements and especially neutron induced cross sections take a particularly 

important place in human life and in many fields of applied nuclear physics, like those related to 

the application of new technologies for the production of nuclear energy and to the compilation 

of evaluated databases. Accurate knowledge of neutron-induced activation cross sections is of 

great interest to many fields of nuclear science. 

 

      In the nuclear field, the precise neutron capture cross section in the energy range of                

1 keV - 2 MeV are required for the reliable processing of transmutation of nuclear waste and for 

the design of next generation fission reactors (Gen IV and thorium base cycle). 

 

      In the field of astrophysics, the largest amount for calculating the ratio of stellar reactions is 

the Maxwellian Averaged Cross Section (MACS). 

 

      Also the (n,γ) cross section values are irreplaceable tools for developing nuclear reaction 

theories by means of nuclear models validation. Neutron capture reactions in the energy range    

1-600 keV are the basic mechanism to explain the formation of the elements heavier than iron 

during stellar nucleosyntethis. Accordingly, the Maxwellian Averaged Cross Sections (MACS) 

are the key ingredient for calculating the reaction rates inside the stars and thus for reproducing 

the observed abundances of the elements in the Universe. 

 

      Unfortunately, the analysis of existing databases shows problems of incompleteness and large 

discrepancies among available nuclear data. Obviously, the possibility of obtaining reliable 

measurements of requested nuclear data depends on corresponding neutron facilities 

performances [1]. However, it is essential to produce complementary neutron-induced reaction 

data sets for an independent verification and to expand the boundaries of the data tables [2]. 
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      The calculation of the cross sections of nuclear reactions makes an important contribution to 

the study of nuclear interaction, the nuclear structure and the reaction mechanism. For the 

determination of the cross sections which cannot be measured experimentally, we have recourse 

to a faster and more flexible alternative calculation based on systematic studies worked out on the 

basis of experimental data and simple theoretical models proves more useful and allows faster 

determination of cross sections, which can be extrapolated to cases where measurements are 

almost impossible. That has led experimenters and theorists to develop theoretical methods and 

models. Experimental data represents a test to verify the consistency and validity of nuclear 

models, designed for the analysis of nuclear interactions. These theoretical models, in turn, fill 

the void in data that is not accessible to experience. The combination of the two theoretical and 

experimental approaches also leads to systematic studies for reliable and rapid assessments of 

nuclear data [3-12].  

 

      For the experimental part and for many reasons like first negative results obtained and 

lockdown related to the Covid-19 pandemic, we limited our work to theoretical part. 

 

      The objective of this thesis work is to derive a formula for calculating the Maxwellian 

averaged neutron capture cross sections (MACS) at energy of kT = 30 keV. This study is 

conducted for 89 isotopes for 15 elements with mass numbers ranging from 70 to 204. The 

experimental data utilized in this study are extracted from the KADoNiS database. The calculated 

values of the cross sections obtained using the new formula are compared with the experimental 

values. 

 

This thesis is subdivided into three chapters: 

 

      The first chapter serves as a theoretical recapitulation, providing a comprehensive exposition 

of fundamental principles concerning the atomic nucleus, nuclear reaction with interactions 

involving neutrons and matter, nuclear reaction models, radiative capture reaction (n, γ), and 

cross section. 
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      In the second chapter, we delve into the Maxwellian Averaged Cross Section (MACS) 

concept, as well as how to generate the neutron spectrum through the 
7
Li (p, n) 

7
Be reaction in an 

accelerator (VDG) who will contributed to calculate MACS for elements, and how measuring the 

Maxwellian Averaged Cross Section (MACS) at kT= 30 keV by Activation. 

 

      In the third chapter, a Maxwellian averaged neutron capture cross sections (MACS) formula 

is derived for target nuclei with mass number A ≫ 1 and 30 keV incident neutron energie. A 

detailed discussion is introduced for results. 

 

 



 

 

Chapter 1   

Nucleus and nuclear reaction 

 

 



Nucleus and nuclear reaction                                                                                             Chapter 1 

4 

 

 

Chapter 1 

 

Nucleus and nuclear reaction 

 

 

I. Atomic nucleus 

 

1. Definition 

 

      The atomic nucleus is the heart of the atom. It is located in its center, but a thousand times 

smaller and contains 99.97% of its mass. The nucleus contains nucleons, i.e. protons and 

neutrons and a positive electric charge. The cohesion of the atomic nucleus is ensured by the 

strong interaction, which attracts the nucleons together and thus prevents the protons from 

repelling each other. The size of the nuclei is of the order of 10
-15

 m or 1 fermi. The nucleus is 

composed of A nucleons, including Z protons and (A-Z) neutrons. The nucleus X will be noted as 

follows: X [13]. 

 

2. Mass Defect 

 

      The mass defect Δm of a nucleus with symbol X is the difference between the mass of its 

isolated nucleons at rest and the mass of the nucleus at rest [14]. 

 

Δm = (Z × mp + (A - Z) × mn) - mnucleus                         (1-1) 

 

With :  

mp: mass of the proton 

mn: mass of the neutron 

mnucleus: mass of the nucleus 

A
Z

A
Z
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      The mass defect is conventionally always strictly positive because the mass of a nucleus is 

always less than the sum of the masses of its constituent nucleons [14].  

 

3. Binding energy 

 

      The binding energy of a nucleus, denoted (El), is the energy needed to dissociate this nucleus 

at rest into its free nucleons at rest. The binding energy of a nucleus is related to its mass defect 

[14]. 

 

El = Δm × c
2                                                                                               

(1-2)
 

 

With :  

El: binding energy (J) 

Δm: mass defect (kg) 

c: speed of light in a vacuum (m/s) (c = 299792458 m/s) 

 

4. Binding Energy per Nucleon 

 

      The binding energy per nucleon EA (generally expressed in MeV/nucleon) is the value of the 

binding energy El divided by the mass number A of the nucleus [14].  

 

EA =                                                                  (1-3) 

 

      The binding energy per nucleon is an index of the stability of the assembly of nucleons that 

forms the nucleus: the greater the binding energy per nucleon, the more bound the nucleus is 

(Figure 1.1) [14]. 

 

A 

  El
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Figure 1.1. Binding energy per nucleon as a function of mass number [13]. 

 

From this figure, we can observe that the most stable nuclei have a higher binding energy per 

nucleon [14].  

 

5. Formule semi-empirique de masse 

 

      The nuclear model of the liquid drop leads to the semi-empirical Bethe-Weizsäcker formula 

for the binding energy [14]. 

 

B(Z; A) = avA  – as A
2/3 

- ac 
 (   )

    
 – aa 

(    ) 

 
    (Z, N)                          (1-4) 

 

The physical meaning of the five parameters of the formula and their values are as follows, 

Figure 1.2 [14]: 

 

av =  15.56 MeV : volume parameter 

 

as =  17.23 MeV : surface parameter 
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ac =  0.72 MeV : Coulomb parameter 

 

aa =  23.6 MeV : asymmetry parameter 

 

 (Z, N) =  ap A
-1/2 

: pair parameter 

 

                               - 11 MeV       for Z and N odd 

Where 𝑎𝑝 =         0                  for A odd  

                                  11 MeV       for Z and N even 

 

 

 

Figure 1.2. Contribution of each term in the Bethe-Weizsäcker formula for the  

binding energy per nucleon, in MeV, as a function of mass number A [14]. 

 

6. Nuclei Stability 

 

      Not all nuclei are stable. Unstable nuclei undergo radioactive decay and transform into other 

stable or less radioactive nuclei. Stable nuclei have approximately equal numbers of neutrons and 

protons, N = Z, in the case of light nuclei. However, for heavy nuclei, there is a smaller 

difference between the number of neutrons and protons, as illustrated in Figure 1.3 [15]. 
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Figure 1.3. Stability chart [13]. 

 

Unstable nuclei undergo series of radioactive decays until they become stable [16]: 

 

In the central black region, we find stable nuclei. 

 

Above the stable nuclei, in blue, we find nuclei that are neutron-rich. These nuclei move towards 

the stability line through β
-
 decay. Conversely, below the stable nuclei, in orange, we find nuclei 

that are proton-rich. These nuclei move towards the stability line through β
+
 decay or electron 

capture. 

 

Heavy nuclei, in yellow, return to the stability line through alpha decay [17]. 
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7. Radioactivity 

 

      In 1896, Henri Becquerel discovered that uranium and its compounds continuously emit 

radiation. Pierre and Marie Curie, continuing Becquerel's work, gave this phenomenon the name 

radioactivity [18]. 

 

7.1. Different Modes of Decay 

 

α Decay corresponds to the emission of a helium nucleus (    
 ) by certain nuclei. This type of 

radioactivity occurs in nuclei that have an excess of nucleons (neutrons and protons) and are 

referred to as "heavy nuclei" (A > 200). In this transformation, the atomic number Z decreases by 

two units, and the mass number A decreases by four units. 

 

The general equation for alpha decay is as follows [19]: 

 

X → Y +  He 

 

β
-
 Decay corresponds to the emission of an electron and an antineutrino by certain nuclei. This 

type of radioactivity is observed in nuclei with an excess of neutrons. During this transformation, 

the atomic number Z increases by one unit while the mass number A remains conserved. 

 

The general equation for beta minus (β
-
) decay is as follows [19]: 

 

n → p + e
-
 +  

X → Y + e
-
 +  

 

β
+
 Decay corresponds to the emission of a positron (or positrons) and a neutrino by certain 

nuclei. This type of radioactivity is observed in nuclei with an excess of protons. During this 

transformation, the atomic number Z decreases by one unit while the mass number A remains 

conserved. 

A
Z

4
2




A
Z

4
2

1
0

1
1



A
Z

A
Z 1
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The general equation for beta plus (β
+
) decay is as follows [19]: 

 

p → n + e
+
 + ν 

X → Y + e
+
 + ν 

 

 

Note: The mass of a neutrino and an antineutrino (if any) is extremely small and can be 

considered approximately zero [14]. 

 

Electron capture (denoted as E.C.) corresponds to the absorption of an electron from the electron 

cloud by a proton. During this transformation, the atomic number Z decreases by one unit, and 

the mass number A is conserved without the emission of a positron [14]. 

 

The general equation for electron capture (E.C.) decay is as follows [19]:  

 

p + e
-
 → n + ν 

X + e
-
 → Y + ν 

 

 

      If the daughter nucleus resulting from radioactive decay α or β is in an excited state, the 

excess energy is released in the form of high-frequency electromagnetic radiation γ. This 

phenomenon is referred to as de-excitation γ. A nucleus in an excited state is denoted with an 

asterisk as a superscript on the right. 

 

The general equation for gamma (γ) de-excitation is as follows [19]: 

 

X  → X + γ 

 

 

 

 

 

1
1

1
0

A
Z

A
Z 1

1
1

1
0

A
Z

A
Z 1

A
Z

* A
Z
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7.2. Laws of Decay 

 

      The fundamental law of radioactive decay states that the rate of transformation of a nucleus 

ensemble is proportional to the number of nuclei present at time t=0, denoted as N0 [16]. The 

radioactive decay law at time t is given as follows [14]: 

 

N(t)= N0e
-λt

                                                             (1-5) 

 

Where: 

N(t): the number of nuclei that will decrease over time 

N₀: the initial number of nuclei present 

λ: the radioactive decay constant, which depends on the nature of the radioactive nucleus. It 

represents the proportion of nuclei that decay per unit of time (s
-1

) [14]. 

 

The activity of a sample is the number of decays per unit of time, denoted as A(t). It can be 

calculated simply [16]: 

 

A(t) = λN(t) = λN0e
-λt 

= A0e
-λt                                                                      

(1-6)
 

 

Where: 

A(t): the activity  

A₀: (λ N₀) the initial activity [19]. 

 

The measurement of radioactivity intensity (activity) is carried out using the following two units: 

 

The Becquerel, symbol Bq, represents one decay per second. 

 

1 Bq = 1 decay/second 

 

The Curie, symbol Ci, is an older unit that is less commonly used. 
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1 Ci = 3,7 × 10
10

 decays/second 

 

This corresponds to the activity of 1 g of 
226

Ra with a half-life of T = 1620 years [14]. 

 

T=                                                            
 
(1-7)

 

Where: 

T: half-life, is the time at which the initially present number of nuclei will be divided by two (s) 

[19]. 
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II. Nuclear reaction 

 

1. Definitions  

 

      In the field of nuclear physics, a nuclear reaction is a phenomenon whereby two atomic nuclei 

or nuclear particles collide, resulting in the formation of distinct products that differ from the 

initial particles [20]. The objective of nuclear reactions is to investigate nuclear structures and the 

properties of interactions. [21].   

 

      In principle, a nuclear reaction can involve more than two particles colliding. However, due 

to the significantly lower probability of three or more nuclei simultaneously meeting at the same 

location, such an event is exceptionally rare [20]. 

 

      If the projectile is a charged particle (protons, deuterons, tritons, alpha particles, etc.), the 

electric repulsion experienced from the charge of the target nucleus tends to deflect it and prevent 

it from reaching the nucleus. Photons, which are uncharged, constitute an electromagnetic 

radiation, that’s why their interactions have low efficiency. The preferred projectile is the 

neutron, which is not deflected by the electric field of the target due to its lack of charge. 

Additionally, at low velocity, the neutron lingers for a longer time near the nucleus, making it 

more prone to easily interact with it. 

      When a target nucleus X is bombarded by an incident particle a. The result of the interaction 

is an ejected particle b and a recoiling nucleus Y, Figure 1.4 [22]. 

a + X → b + Y 

Abbreviated: X (a, b) Y 

 

Where ;        a : incident particle (projectile particle) 

                    X : target nucleus 

                    b : particle produced   

                    Y : residual nucleus (recoil nucleus) 
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Figure 1.4. Schematic representation of a nuclear reaction [22].  

 

2. Characteristics of a nuclear reaction 

      The particles involved in a nuclear reaction constitute an isolated system. The following 

quantities, pertaining to this system, form the conservation laws during the reaction as follows 

[18] :  

            • The number of nucleons, A. 

            • The electric charge and the charge number, Z. 

            • The sum of kinetic energy, Ec, and rest energy, Eo, before and after the reaction. 

            • The momentum, P.  

      The energy balance of a nuclear reaction, denoted as Q, is the difference between the kinetic 

energy of the reaction products and the initial kinetic energy [23]. 

Consider the following nuclear reaction [14]: 

                                                                a + X → b + Y   

The energy balance of the interaction is defined as: 

                                                  Q= Tf -Ti                                                             (1-8) 

Tf and Ti represent the kinetic energies after and before the interaction, respectively. 
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                                Tf =Tb+ Ty       and   Ti=Ta +Tx                                            (1-9) 

                                            Q = Tb + Ty - Ta                                                     (1-10) 

                                    Q = [Ma + Mx - Mb - My] C
2
                                         (1-11) 

 

Ma, Mx, Mb and My represent the atomic masses of the reactive particles and reaction products, 

respectively. 

 

      Three cases can occur [14]: 

 

• If Q > 0, the reaction is exoenergetic: 

                  For the Uranium fission reaction, the energy balance is Q = 200 MeV.  

                              For the vast majority of nuclear reactions the Q < 10 MeV. 

• If Q = 0, it’s a phenomenon of elastic scattering, where the internal state of the system's 

constituents remains unaltered. 

• If Q < 0, the reaction is endoenergetic. This type of reaction only occurs if the incident 

particle possesses energy  | |. 

 

3. Type of nuclear reactions 

      Nuclear reactions involve various mechanisms of interaction. As the projectile approaches a 

target nucleus, it has a certain probability of interacting with the average nuclear field. Three 

reaction mechanisms can be distinguished as a result of this interaction [24]: 

• The elastic scattering reaction, also known as "shape elastic" reaction, corresponds to the 

deviation of the projectile's trajectory by the nuclear potential, without any energy loss. There is 

no energy sharing between the projectile and the nucleons of the target nucleus. 

 

a +X → X+ a. 
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• Direct reactions are characterized by their rapidity (on the order of the time it takes for the 

projectile to traverse the nucleus, approximately 10
-22

s) and involve minimal interactions between 

the projectile and the nucleons at the periphery of the nucleus. 

• Reactions leading to the formation of a compound nucleus (CN) represent a more complex 

scenario in which the incident particle is captured by the target due to strong interaction, sharing 

its energy with all nucleons of the target nucleus. The characteristic timescale of this reaction 

mechanism is on the order of 10
-17

s. For incident neutron energies in the range of several tens of 

MeV, the nucleus may undergo an intermediate state known as pre-equilibrium, during which 

particle emission can occur prior to the formation of a compound nucleus, as depicted in    

Figure 1.5. 

    a +X → Y *, Y* → c + d. 

All these mechanisms can generate several types of nuclear reactions: elastic, inelastic diffusion, 

capture reactions, fission and many others [24]. 

 

Figure 1.5. The different mechanisms of nuclear reactions [24]. 

 

4. Neutron-induced reactions 

 

      A neutron-induced nuclear reaction is a process in which a neutron interacts with a nucleus, 

resulting in the emission of two or more particles. Sometimes, when a nucleus interacts with 
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another nucleus or particle without changing the nature of the nuclide, the process is referred to 

as nuclear scattering rather than a neutron-induced nuclear reaction [13]. Neutron scattering can 

be elastic or inelastic. The neutron-induced nuclear reaction can cause a transformation of the 

target nuclide into another nuclide by absorbing the incident neutron [25]. 

 

4.1. Neutrons 

 

      The neutron is a particle that carries no electric charge, making it suitable for bombarding 

atoms and reaching their nuclei. It has a mass close to, but slightly greater than, that of a proton. 

Outside the nucleus, the neutron is free and has an average lifetime of 15 minutes. It undergoes a 

decay process into a proton, an electron, and an antineutrino. The equation for neutron decay is 

given by [25]: 

 

                                                        n → p + e +   + 0,78 MeV 

 

      The physical properties of the neutron are provided in Table 1.1[25]. 

 

  Mass mn = 1,675  10
-27

 Kg 

Electric charge qn = 0 

Size rn~ 1 Fermi  

Internal structure: quarks ddu 

Spin sn = ½ 

Magnetic dipole moment μn/ μp= -0,68497935 

Electric dipole moment 0 

Table 1.1. Properties of the neutron [25]. 

  

      A large number of nuclear reactions produce beams of neutrons. Unlike charged particles, 

neutrons cannot be accelerated directly, but they can be slowed down through successive 

collisions with carefully selected nuclei. This process of slowing down is called moderation, and 
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the nuclei that serve as "slowing down" agents are referred to as moderators [26]. Neutrons can 

be classified based on their energy, as shown in Table 1.2 [27]: 

 

Classification Energy 

Thermal neutrons En = 0,025 eV  

Epi-thermal neutrons 0,5 eV < En < 1 keV 

Intermediate neutrons 1 keV < En < 500 keV 

Fast neutrons 0,5 MeV < En < 20 MeV 

Ultra Fast Neutrons 20 MeV < En < 50 MeV 

Relativistic neutrons En > 50 MeV 

   Table 1.2. Classification of neutrons based on their energy [27]. 

 

4.2. Neutron Sources 

      Neutrons can be produced through various methods, including radioactive sources, charged 

particle accelerators, or in nuclear reactors through the fission process. 

a. Radioactive sources     

      The emission of neutrons occurs as a result of the Spontaneous fission of certain heavy 

elements that decay through fission at a specific rate, on average emitting 2.5 neutrons per 

fission. Among these elements, Californium-252 (
252

Cf) (with a half-life of 2.645 years) is 

particularly noteworthy [28]. Its decay through alpha emission (with a probability of  96.91%) 

and spontaneous fission (with a probability of 3.09%) results in a neutron emission rate of           

2,314 x 10
6
 neutrons.s

-1
.µg

-1
 [29]. 

Neutron sources based on induced reactions typically include sources utilizing (α, n), (γ, n),    

(p, n) and (d, n) reactions. 

Alpha-neutron (α, n) sources are composed of a homogeneous mixture containing an alpha-

emitting isotope (in the form of a radioactive powder) and a light element (such as beryllium, 

boron, or lithium powder). The system can be described by the following equation [28]: 
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4
2
α + A

Z
X → [ 4

2



A
Z

Y]* → 3
2




A
Z

Y + 1
0
n 

          

 

From this reaction, a fast neutron is expelled, leaving the nucleus Y in a stable state. In the case 

where the light nucleus is beryllium, the reaction becomes [30]: 

 

4
2
α + 9

4
Be → [13

6
C]* → 12

6
C + 1

0
n 

(α, n) sources are the most commonly used due to their high yield. The neutron flux produced is 

on the order of 10
6
 n/cm

2
.s with an average energy of 4.5 MeV. The main (α, n) sources used 

include Pu-Be, Am-Be, and Ra-Be, as shown in Table 1.3 [31]. 

 
 

Source Average Neutron Energy (MeV) T (α particle 

half-life) 

210

PoBe 4.2 138 d 

210

PoB 2.5 138 d 

226

RaBe 3.9 1600 y 

226

RaB 3.0 1600 y 

239

PuBe 4.5 24100 y 

 

Table 1.3. Neutron Sources (α, n) [31]. 
 

 

Neutrons can also be produced through (γ, n) reactions by combining a γ-emitting radionuclide 

(γ photons serve as projectiles) with an appropriate target material. Photo-neutrons are obtained 

when the photon energy exceeds the neutron separation energy of the target nucleus. This energy 

is 1.67 MeV for 
9
Be, 2.23 MeV for 

2
H, and greater than 6 MeV for other nuclei. However, only 

Beryllium and Deuterium targets are used since there are no radionuclides that produce photons 

with energies exceeding 6 MeV. The corresponding reaction can be written as [31]: 

 

γ + A
Z

Y → [ A
Z

Y]* → 1A
Z

 Y + 1
0
n 
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Most of these sources are based on the reactions 
9
Be (γ, n) 

8
Be and 

2
H (γ, n) 

1
H. The yield is on 

the order of 10
4
 neutrons per curie per second [31]. 

 

      The significance of such sources lies in their compactness and low cost, as they produce 

mono-energetic neutrons. This is not the case with (α, n) sources, which are used for calibrating 

fast neutron detectors [22]. Their main drawback lies in the necessity of using substantial 

shielding against gamma radiation [30]. 

 

b. Particle accelerators  

 

      Indeed, these installations accelerate charged particles and direct them towards target 

materials. The interaction of the incident particles with the nuclei of the target leads to the 

creation of new particles. By selecting appropriate targets and projectiles, the ejected particles 

can be neutrons. The nuclear reactions that can be used to produce neutrons are summarized in 

Table 1.4 [32]. 

 

Reaction Target Particle Neutron energy 

(MeV) 

Fast neutron flux 

(n/cm
2
.s) 

T (d, n) Tritium Deuterium 2 to 4 1 to 4. 10
11

 

Be (d, n) Beryllium Deuterium 4 10
10

 

Be (γ, n) Beryllium Gamma 1,4 2. 10
11

 
 

Table 1.4. Nuclear reactions used in accelerators for neutron production [32]. 

 

c. Nuclear Reactors 

 

      Nuclear reactors are extremely intense sources of neutrons. A nuclear reactor consists of an 

active core that contains fissile elements such as Uranium dispersed in a moderator medium, such 

as water, inside a reactor vessel. The entire system is contained within concrete structures, which 

also serve as biological shielding. A nuclear reactor has control mechanisms and a cooling system 

to regulate its power. Neutrons are produced by the induced fission of 
235

U, 
238

U, or 
239

Pu. In the 

case of 
235

U, fission occurs when a nucleus of 
235

U absorbs a thermal neutron [33]. 
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4.3. Neutron-Matter Interaction 

 

      The interaction of neutrons with electrons is negligible due to the small size of an electron 

compared to the nucleus, and furthermore, the interaction can only be electro-weak and has a  

highly negligible cross-section compared to the cross-section of the interaction with the nucleus.  

 

      The neutron-neutron interaction is also negligible due to the neutron density, which is on the 

order of 10
38

 n/cm
3
, resulting in a probability of one in 10

14
 for it to occur compared to the 

neutron-nucleus interaction. The primary form of interaction is scattering [34]. 

 

      Neutrons are electrically neutral particles and are not sensitive to interactions with atomic 

electrons. Consequently, they traverse the electron cloud of an atom and interact directly with the 

nucleus, known as neutron-nucleus interaction [35].  

 

      In a material medium, neutrons undergo two types of phenomena: scattering, in which the 

neutron loses energy and changes direction, and absorption, a process in which the neutron 

disappears and gives rise to one or more particles. The most common absorption reaction is 

radiative capture [36]. 

      

a. Diffusion reaction  

 

      The diffusion reaction occurs when a neutron collides with a stationary nucleus. The nucleus 

emits a single neutron, which may differ from the incident neutron. 

 

 Elastic scattering (n, n)  

            In an elastic scattering reaction between the neutron and the target nucleus, the target 

nucleus remains in its ground state. This type of scattering plays a significant role in neutron 

slowing down within reactors, as depicted in Figure 1.6 [37]. 
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                              Figure 1.6. Elastic scattering of a neutron-nucleus [34]. 

 

Elastic scattering can occur in two ways: 

 

 Elastic potential scattering  

        In this process, a neutron strikes a nucleus and transfers a portion of its energy to the 

nucleus. The neutron then rebounds in a different direction, while a recoil nucleus is produced. 

 

 Resonant elastic scattering  

        In this process, a compound nucleus (neutron + nucleus) is formed. Subsequently, a neutron 

is reemitted by the compound nucleus with the same kinetic energy as the absorbed neutron. 

 

 Inelastic scattering (n, n′)  

            In inelastic scattering, the incident neutron is captured, forming a compound nucleus. 

Subsequently, a neutron is reemitted, but with lower kinetic energy compared to elastic 

scattering. The residual nucleus is left in an excited state and emits gamma radiation to return to 

its ground state, as illustrated in Figure 1.7 [37]. 

 

 

                         Figure 1.7. Inelastic scattering of a neutron-nucleus [34]. 
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b. Absorption reaction  

 

 Radiative capture   

            In this process, the neutron is captured by the nucleus, forming a compound nucleus with 

a mass number (A+1) in an excited state. The compound nucleus subsequently de-excites by 

emitting one or more gamma radiations. This interaction is exoenergetic and denoted as (n, γ), as 

shown in Figure 1.8. This mechanism is particularly significant for thermal neutrons. Certain 

materials, such as Cadmium and Boron, exhibit highly significant capture cross-sections and are 

employed for control and shutdown of nuclear reactors [37]. 

 

 

Figure 1.8. Radiative capture reaction [37]. 

 

 Nuclear reactions (n, x)  

            Neutrons can also disappear through absorption reactions such as (n, α) and (n, p), as 

shown in Figure 1.9. These reactions can be either exoenergetic or endoenergetic [37]. 

 

 

Figure 1.9. Neutron absorption reaction [34]. 
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 Nuclear reactions (n, xn) with x=2.3…   

            Reactions of the type (n, 2n) and (n, 3n) occur with energetic neutrons. It’s clear that these 

reactions are endoenergetic since in the (n, 2n) reaction, one neutron, and in the (n, 3n) reaction, 

two neutrons are ejected from the target nucleus. 

 

 Fission reactions (n, f)  

            Neutrons colliding with certain nuclei can induce the nucleus to undergo fission, which is 

the process of splitting. These reactions primarily involve heavy elements such as Th, U, Np, and 

Pu. After interacting with these actinides, the neutrons result in the formation of a compound 

nucleus that subsequently splits into two fragments along with the emission of one or more fast 

neutrons and the release of energy, as shown in Figure 1.10 [37]. 

 

                                

                                                    Figure 1.10. Fission reaction [34]. 
 

 

Figure 1.11 illustrates the different types of reactions induced by neutrons [38]. 

 

 

   Figure 1.11. The different categories of neutron interactions [38]. 
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III. Nuclear reaction models 

       

      There are several possible outcomes for neutron-induced nuclear reactions [39]. The 

probabilities of these reactions occurring (cross-sections) depend on the nature and energy of the 

projectile (neutron). Modeling nuclear reactions remains a complex task that requires a 

substantial amount of information and experimental data to enhance our theoretical 

understanding, as depicted in Figure 1.12 [40]. 

 

 

Figure 1.12. Nuclear reaction models [40]. 

 

1. The optical model 

 

      The optical model is an approach to nucleon-nucleus scattering in which the incident 

nucleon interacts with a complex potential that represents its interaction with all the nucleons 

constituting the target nucleus. Since nucleon scattering on a nucleus occurs at the subatomic 

scale, quantum mechanics governs this phenomenon. The projectile nucleon is described as a 

wave function. This wave, refracted by the potential representing the target nucleus, interferes 

with the incident wave [40]. 
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2. The pre-equilibrium model 

 

      The process of pre-equilibrium is named as such because the emission of a particle during a 

nuclear reaction takes place before the equilibrium of the compound nucleus is established. When 

a neutron collides with a nucleus, before reaching the final state of the reaction and before the 

equilibrium process is achieved, a two-body interaction process is triggered. This leads to the 

creation of a particle-hole pair that further interacts (particle-particle and hole-hole) with other 

nucleons in the nucleus, creating a new particle-hole pair at each interaction, until equilibrium is 

reached. During this series of interactions, a nucleon (proton or neutron), a cluster of nucleons 

(nn, np, nnp, ppn, etc.), or an alpha particle can be emitted. This phenomenon is referred to as 

pre-equilibrium particle emission [34]. 

 

3. The compound nucleus model 

 

      In the compound nucleus formation reaction model, the nuclear projectile approaches the 

target nucleus and undergoes strong interactions with all nucleons in the nucleus. The incident 

kinetic energy (which is low) is rapidly distributed among all nucleons of the composite nucleus, 

formed by the initial nucleus and the projectile nucleus. 

 

      The composite nucleus is in an excited state, leading to the second stage of the nuclear 

reaction: the emission of one or several light particles (n, p, γ, t, α, ...). It undergoes decay 

independently of its formation mode (the interactions involved in its formation are so complex 

and numerous that it does not "remember" the details of its formation).  

 

      The composite nucleus in a specific excited state can undergo various transformations, each 

with a certain probability of occurring (branching ratios). The composite nucleus remains in an 

excited state for a duration sufficient for a significant portion of its excitation energy to 

concentrate on a nucleon or a small group of nucleons, which will subsequently be ejected [21]. 

 

 

 



Nucleus and nuclear reaction                                                                                             Chapter 1 

27 

 

4. The direct interaction model 

 

      In the direct interaction model, it’s assumed that the incident particle interacts with only one 

nucleon at a time, while the "core" of the nucleus remains inert or undergoes simple motion. The 

interaction time is on the order of the time required for the incident particle to traverse the target, 

and the angular distribution of the emerging particles is sharply peaked forward. This type of 

interaction is predominantly observed in reactions where a nucleon is ejected or stripped from the 

nucleus. The essential characteristics of direct interactions are observed at energies where the 

wavelength of the incident particle is smaller than the average spacing between nucleons in the 

target, encompassing magnitudes of several tens of MeV in the case of the incident neutron [41]. 
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IV. Radiative capture reaction (n, γ) 

 

1. Definition 

 

      Nuclei in highly excited states most commonly undergo de-excitation through the emission of 

a heavy particle, when it’s energetically feasible. Below the dissociation energy, which refers to 

the binding energy of the last neutron, proton, or alpha particle, depending on which of these 

energies is the lowest, de-excitation can only occur through electromagnetic interaction. In this 

process, the nucleus transitions to a lower level or its ground state, analogously to excited atoms 

emitting light. However, the electromagnetic quanta emitted by the nucleus are predominantly on 

the order of 10
4
 to 10

6
 times more energetic than photons in the visible spectrum. 

 

      The gamma ray γ is, in fact, a monochromatic and highly penetrating form of electromagnetic 

radiation (consisting of high-energy photons). The relationship between the energy E and the 

wavelength λ of an electromagnetic quantum is as follows [42]: 

 

E = hν =  =          (MeV)                                 (1-12) 

 

Where: 

E : energy (J or MeV) 

h : Planck's constant (h = 6,62607015   10
-34

 J.Hz
-1

 or J.s) 

ν : frequency (Hz or s
-1

) 

c : speed of light (c = 299792458 m/s) 

λ : wavelength is in fermi (10
-15

 m) 

 

2. Mechanism of the radiative capture reaction (n, γ) 

 

      Radiative capture occurs through the formation of a compound nucleus by the absorption of 

an incident neutron. The resulting nucleus possesses a high excitation energy, which is the sum of 

the kinetic energy of the incident neutron and its binding energy within the compound nucleus. 



hc



1239,8
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When the excitation energy of the nucleus exceeds the dissociation energy of a neutron or a 

proton, the nucleus undergoes decay through particle emission. However, below the dissociation 

energy, where de-excitation typically occurs through electromagnetic interaction, the nucleus 

undergoes de-excitation by emitting a photon. 

 

 

 

      The return of the compound nucleus to its ground state can occur through the emission of a 

single highly energetic photon or gradually through intermediate levels of excitation, 

accompanied by the emission of multiple photons (referred to as a cascade). 

 

      The binding energy of the last neutron in most nuclei is approximately 7 to 8 MeV. This 

implies that after the capture of a slow neutron, the nucleus enters an excited state with an energy 

E ≈ 7 to 8 MeV. From this state, it transitions back to the ground state, either directly or through 

one or more intermediate levels. The resulting gamma spectrum does not enable the precise 

determination of the positions of the levels. 

 

      The radiative capture reaction is employed in radiation protection due to the emission of 

potentially energetic photons. Generally, the cross-sections for radiative capture vary, with the 

exception of low energies where they exhibit a 1/V dependence, where V represents the velocity 

of the incident neutron [42]. 

 

3. Energetics of γ decay 

 

      Let's consider the decay of a nucleus with mass M at rest from an initial excited state Ei to a 

final state Ef. In order to conserve momentum, the final nucleus will not be at rest but must have 

a recoil momentum PR, corresponding to a recoil kinetic energy TR, assuming a non-relativistic 

scenario (TR = PR
2
/2M). 

 

The conservation of total energy and momentum gives :  

 

γ  XX*Xn 1A

Z

1A

Z

A

Z

1

0
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Ei = Ef + Eγ + TR                                                                                    (1-13) 

 

0 =  +                                                           (1-14) 

 

0 = PR - Pγ                                                                                            (1-15) 

 

It follows that : PR = Pγ ;  

 

(The recoil nucleus has a momentum equal and opposite to that of the γ radius).  

 

ΔE = Ei - Ef and using the relativistic relation Eγ = cPγ , 

 

ΔE = Eγ +                                                   (1-16)
 

Who has the solution 

 

Eγ= Mc
2 

[-1 ± (1+2 )
½
]                                              (1-17) 

 

The energy differences ΔE are typically on the order of MeV, while the rest energy Mc
2
 is on the 

order of A × 931.5 MeV, where A represents the mass number [42]. 

 

Eγ  ΔE -                                                      (1-18) 

 

4. Average life and width of excited states 

 

      When the excitation energy of a nucleus exceeds the dissociation energy of a neutron or a 

proton, the nucleus undergoes decay through the emission of particles. This decay process is 

extremely rapid, with the corresponding average lifetime typically being less than 10
-29

 s. 

However, below the dissociation energy, where de-excitation normally occurs through 

RP


P


2c 2M

E 2


2Mc 

E


 

2c 2M

E
2
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electromagnetic interaction, the average lifetimes are much longer, ranging from approximately 

10
-17

 s to several years. The energy distribution of photons emitted by a source with an average 

lifetime τ(s) resembles a resonance curve with a width (at half-maximum) given by: 

 

  
 

 
 
          

 
         (  )                                               (1-19) 

 

Where: 

  : width (at half-maximum) (J or eV) 

ћ : the reduced Planck’s constant (ℎ/2π) (ћ = 1,054571818   10
−34

 J.s) 

τ : average life (s) 

 

Consequently, the determination of the average life can be done by measuring either τ or Γ [42]. 

 

4.1. Direct measurement of average life τ 

 

      Reasonably long nuclear lifetimes can be directly measured by observing the decay of 

counting rates obtained from a source as a function of time. With fast electronic circuits, this 

method enables the measurement of average lifetimes up to approximately 10
-5

 s. 

 

      For much shorter average lifetimes, one of the most commonly used methods is the delayed 

coincidence technique. This method requires that the triggering pulse be electronically delayed, 

allowing the observation of coincidences between it and the de-excitation pulse. When an event is 

recorded by a gamma counter, the delay time represents the exact lifetime of the state or nucleus 

emitting the gamma radiation. The coincidence method enables the measurement of average 

lifetimes down to 10
-11

 s [42]. 

 

4.2. Measurement of natural width Γ 

 

      The extremely short average lifetime of 10
-17

 s corresponds to a "large" natural width of        

Γ = 65,8 eV. Only certain transitions that emit gamma rays with relatively high energies 
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(example : 6 MeV) exhibit such large natural widths. To directly observe natural widths, gamma 

spectrometers with high resolution capabilities are required. 

 

      One of the methods used to measure natural widths involves quantifying the probability, or 

cross-section, of gamma radiation absorption by a nucleus in its ground state. 

 

      When the incident gamma ray energies have a uniform distribution covering the entire width 

of the level to which the nucleus transitions, the absorption cross-section is proportional to this 

width. This method was employed by Booth for measuring the lifetimes of excited states ranging 

from 10
-13

 to 10
-15

 seconds (1964) [42]. 

 

5. Selection rules 

 

      Low-energy excited states decay through the emission of a gamma ray γ, thus the 

electromagnetic radiation can be described by a multipole expansion. 

 

      Electric multipole radiations, such as dipole, quadrupole, electric octupole, etc., are denoted 

as E1, E2, E3, and so on. Similarly, magnetic multipole radiations are referred as M1, M2, M3, 

and so forth. 

 

The possible multipolarities for transitions between states a and b are given by [42]: 

 

|     |                                                             (1-20) 

 

Ja and Jb are the angular moments of states a and b, l is the multipolarity of radiation. 

 

The photon has a spin 1 (  must not be zero), so there is no monopolar radiation.  

 

The parity of the nucleus may or may not change during a multipolar transition.  
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The rule for the combination of parities of the initial and final states in an electric multipolar 

transition [42]:  

 

πaπb=(-1)
l                                                                                    

(1-21)
 

For a magnetic multipolar transition : 

 

πaπb =(-1)
l+1                                                                              

(1-22)
 

So 

 

 π = no :   even electric, odd magnetic 

 

 π = yes :   odd electric, even magnetic 

 

Type Symbol Parity change 

Electric dipole 

Magnetic dipole 

Electric quadrupole 

Magnetic quadrupole 

Electric octupole 

Magnetic octupole 

16-pole electric 

16-pole magnetic 

E1 

M1 

E2 

M2 

E3 

M3 

E4 

M4 

Yes 

no 

no 

yes 

yes 

no 

no 

yes 

 

Table 1.5. Selection rules for gamma transitions [42]. 

 

      Table 1.5 summarizes the rules we have just provided regarding the variations of angular 

momentum and parity during a given multipolarity transition. These rules are referred to as 

selection rules for gamma transitions. 

 

      It should be noted that, in general, between two given states, a transition can occur with more 

than one multipolarity. For instance, if the initial and final states have angular momenta and 
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parities of Ja = 1
+
 and Jb = 2

-
, the possible values for the multipolarity, l , are 1, 2, and 3. Since 

the parity changes, the possible transitions are E1, M2, and E3. In general, the transition 

probability decreases rapidly as the multipolarity l increases. Therefore, in practice, we can often 

neglect all possible values of l except the lowest one. In the above example, the transition will 

predominantly be an electric dipole radiation [42]. 

 

6. Internal conversion 

 

      A nucleus in an excited state can have a transition to a lower state either through gamma 

emission or internal conversion. In the latter process, the available energy and changes in angular 

momentum are transferred to an orbital electron, which is subsequently ejected [42]. 
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V. The Cross-Section 

 

      In contrast to charged particles like electrons, which experience collisions with atoms in the 

medium along their trajectory and gradually slow down, photons and neutrons travel long 

distances between two collisions. However, in a single collision, they can lose a significant 

portion of their energy. To characterize the probability of an interaction occurring, the concept of 

cross-section (CS) is employed [43]. 

 

      The cross-section of a nuclear reaction is related to the likelihood of its occurrence. 

Therefore, it serves as a characteristic quantity for its probabilities. There are two types of cross-

sections: microscopic cross-section and macroscopic cross-section [34] 
 

 

1. Microscopic Cross-Section 

 

      The microscopic cross-section represents the probability of encountering a single nucleus 

with an apparent surface area σ, as depicted in Figure 1.13 [44].  

     

 

Figure 1.13. Schematic of neutron interaction with a target nucleus  

of apparent surface area [44].  
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      The microscopic cross-section depends on the nature of the target nucleus, the neutron 

velocity, and the resulting interaction. It’s expressed in square centimeters, with the unit of 

measurement known as the barn, denoted as [44]: 

 

                                                              1 barn = 10
-24

 cm
2
 

 

The cross-section is given by:           

 

                                            σ = 
 

   
   →   R = n Ф σ                                                 (1-23) 

 

Where: 

∅ : The flux 

n : The total number of target nuclei 

σ: Cross-section 

R: Reaction rate 

 

The total cross-section is defined as:   

 

                                              σt = σs + σa                                                                                     (1-24) 

 

The cross-sections for absorption σa and scattering σs are:  

 

                                              σa = σf + σc                                                         (1-25) 

 

                                   σs = σe+ σin                                                         (1-26) 

 

Where: 

σf : Fission Cross-Section 

σc : Capture Cross-Section 

σe : Elastic Scattering Cross-Section 

σin : Inelastic Scattering Cross-Section 



Nucleus and nuclear reaction                                                                                             Chapter 1 

37 

 

2. Macroscopic Cross-Section  

 

      For a target of a certain thickness x, consisting of multiple atomic layers, the macroscopic 

cross-section is simply the microscopic cross-section multiplied by the density of target nuclei. If 

we consider a target containing multiple nuclei, the definition of the macroscopic cross-section 

remains the sum of the macroscopic cross-sections of the individual nuclei. It’s given by [44]: 

 

                                                      ∑ = N × σ                                                       (1-27) 

 

Where : 

∑ : Macroscopic cross-section (cm
-1

) 

N : Atomic density (atoms/cm
3
) 

σ : Total cross-section (b or cm
2
) 

 

      A cross-section can be "microscopic," meaning characteristic of an individual "target," or 

"macroscopic," meaning characteristic of a material containing a large number of targets [18]. 
 

 

3. Measurements of Neutron Cross-Sections  

 

      Among the fundamental data required for calculating the physical characteristics of nuclear 

reactors, cross-sections play an essential role. Over the past 70 years, these cross-sections have 

been measured using various techniques that are continually being developed to improve the 

accuracy and completeness of neutron cross-section data for stable and radioactive nuclei. 

Indeed, their energy dependence cannot be adequately described by a single predictive theory. To 

establish the necessary cross-sections for neutron calculations, procedures based on both 

experimentation and theory are required, along with associated uncertainties. 

 

      Cross-sections measurements in the energy range 10 keV to several MeV are frequently 

carried out with nuclear reactions induced by light ions which lead to monoenergetic or quasi-

monoenergetic neutrons. Typically, a source reaction is chosen to produce neutrons of one energy 

(with low energy scattering), and these neutrons can be time continuous or pulsed. For the latter 
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type of source, TOF techniques can be used to reject parasitic neutrons of other energies. TOF is 

also commonly used in neutron scattering and emission measurements where the energy of the 

outgoing neutron is determined by the time of flight [45]. 

 

The neutron time-of-flight method (TOF)  

 

      The most widely used experimental method to determine the cross section is that of the time 

of flight or TOF. There is a possibility to measure the energy of the neutrons, namely to measure 

its speed and also the time of flight between two points which is determined by the detector (most 

often a scintillator containing Li) which gives a very precise time signal when a neutron arrives. 

The second time signal is obtained for example by creating the neutrons by a reaction during 

which a charged particle appears at the same time, the recording of which is used as a starting 

signal. 

 

      The principle of neutron time-of-flight measurements is based on the pulsed neutron source 

which at an instant t0 produces neutrons in a wide energy range. For reaction measurements, a 

sample is placed in the neutron beam at a well-known distance L and the reactions are observed 

with a detector. The detection of the reaction determines the time of arrival tn of the neutron on 

the sample and therefore its speed v = L / (tn - t0), which gives the kinetic energy of the neutron. 

The idea is illustrated in the following Figure 1.14 [45]. 

 

 

Figure 1.14. Principle of the neutron time-of-flight method [45]. 
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      Accelerator-based pulsed neutron sources are usually either electron-based sources where 

neutrons are produced via Bremsstrahlung on a high Z target, or proton-based sources where 

neutrons are produced by spallation on a heavy nucleus target.  

 

      The neutrons created by the pulsed source travel the flight path with a length L for a time t 

before possibly undergoing a reaction in a capture, diffusion or fission configuration, or before 

being detected in a transmission experiment. The kinetic energy of neutrons is determined 

relativistically from the velocity of the neutrons v = L/t and the momentum p = mv as; 

 

En = Etot – mc
2
 = √            – mc

2
 = mc

2
 (γ − 1)                         (1-28) 

 

with γ = (1 – v
2
 / c

2
)
−1/2

 where c is the speed of light. For low energies where v ≪ c, which leads 

to the classical definition of kinetic energy  

 

                                                           En ≈ 
 

 
 m v  2

= α
2
 
  

  
                                                    (1-29)  

 

Taking the definition of the speed of light c = 299 792 458 m/s and taking m = 939.6 MeV/c
2
 for 

the neutron mass, we get α = 22.3 μs √  /m using the units eV, m and μs for En, L and t 

respectively [45]. 

 

      This is the rough method. The more refined method consists in constructing the response 

matrix of the detector and deconvolute the time of flight spectra to reconstruct the energy spectra. 

This because the measured TOF spectra is the time of flight plus the time spent in the moderator 

and detector (thus is a distribution of time). Even if we use monochromatic neutrons, the time 

spectra at the detector is always a distribution. 
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Chapter 2 
 

Maxwellian Averaged Cross Section (MACS)  

 

 

I. Maxwellian Averaged Cross Sections (MACS) 

1. Introduction 

 

      Neutron-capture reactions play an important role in astrophysics and nuclear energy 

applications. The knowledge of the neutron capture cross sections of many isotopes are the 

fundamental ingredients for the calculation of stellar reaction rates used in astrophysical network 

calculations for obtaining the abundance distribution of the isotopes and elements in the universe. 

 

      The nucleosynthesis of the elements beyond iron is mainly produced by the so called s- and r-

processes, which consist of successive neutron-capture reactions and subsequent beta decays. At 

the stellar sites, where s-process nucleosynthesis takes place, neutrons are quickly thermalized 

and exhibit a Maxwell–Boltzmann spectrum corresponding to the temperature T or energy kT 

typical of the mass and evolutionary stage of the star [46]. At kT= 30 keV the temperature at 

which, most of the stars spent their life, thus it‟s usually used as reference. 

 

      Cross sections are dependent on the energy of the particle in question. When dealing with a 

collection of particles at different energies, it is useful to get one number for the collection. This 

is done by averaging the cross sections over the energy distribution (Maxwellian) of the particles. 

The Maxwellian Averaged Cross Section (MACS) is the average cross-section measured for an 

given temperature T corresponding to an energy kT that is most probable on a spectrum of 

neutrons produced, represented by a Maxwell-Boltzmann distribution, and used for activation of 

samples [47].  
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2. Nucleosynthesis beyond Iron 

 

      The ashes of the big bang consist predominantly of nuclei of hydrogen and helium. The ashes 

themselves are subsequently burned in the nuclear fires of the stellar interiors with the metallic 

elements as residue.  

 

      The increasing densities and temperatures in stellar interiors provide the necessary 

environment in which all elements up to the region of the iron peak can be synthesized by 

charged-particle-induced nuclear reactions.  

 

      The sharp drop in the elemental abundances from A = 1 to A = 50 (Figure 2.1) reflects the 

fact that the Coulomb barrier, rising as the nuclear charge increases, increasingly impedes the 

reactions required to synthesize these elements. An exception to this general trend of the 

abundance curve is the iron peak (A ~ 56), because iron has the greatest stability of the nuclei 

involved in the rearrangement processes [47]. 

 

 

Figure 2.1. The abundances of both elemental and isotopic (nuclidic) species  

in the solar system are presented [47].  

 

      The abundances are normalized in such a way that Si has the value 10
6
. Note the enormous 

abundance range displayed a factor of about 10
12

 from the most abundant element (H) to the least 

abundant elements shown. 
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      If the heavier elements above the iron peak their abundances would drop very steeply with 

increasing mass, the observed abundance curve of the heavy elements exhibits a much slower 

decrease with mass number with double peaks labeled r and s in Figure 2.2. Obviously these 

peaks are associated with neutron shell filling at the magic neutron numbers N = 50, 82, and 126. 

 

      The details of nucleosynthesis in stars by neutrons were involving neutron capture and β-

decay for nucleosynthesis. The synthesis proceeds in steps at a slow rate (s-process) or at a rapid 

rate (r-process). That these two types of neutron-capture processes are required is dictated 

predominantly by the abundance data (Figure 2.2) [47]. 

 

 

Figure 2.2. Cosmic abundances of heavy elements as a function  

of atomic weight [47].  

 

      The line through the data points is to guide the eye. Note the narrow peaks for nuclei with 

closed neutron shells (N = 50, 82, and 126) and the broader peaks for nuclei mass units below the 

closed neutron shells. 
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The above hypothesis is supported by the following features [47]: 

 

(1) The neutron-capture cross sections of the heavy elements are very large compared with those 

of the light elements (Figure 2.3), i.e., the heavy elements eagerly absorb neutrons. 

 

(2) As pointed out above, the abundance curve (Figure 2.2) has structure, which can be explained 

only by neutron-capture reactions. 

 

(3) The formation of heavy elements in stars by neutron capture occurs and is a continuing 

process. 

 

 

Figure 2.3. The measured average neutron-capture cross sections (<σ>) at 30 keV  

as a function of the neutron number (N) of the nuclei [47]. 

 

Note the large dips near the neutron closed shells at N = 8, 20, 28, 50, 82, and 126 [47]. 
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3. Basic Mechanisms for Nucleosynthesis beyond Iron 

 

      As a result of each (n, γ) capture reaction, a nucleus (Z, A) is transformed into the heavier 

isotope (Z, A + 1). If this isotope is stable, an additional neutron capture leads to the isotope     

(Z, A + 2), and so on. Thus (n, γ) reactions increase the mass number by one unit at a time, 

providing the mechanism for synthesizing the elements beyond iron. If, in this Chain of capture 

reactions, the final isotope produced is unstable, subsequent processes depend on the intensity of 

the neutron flux impinging on the nuclei as well as on the lifetimes of the unstable nuclei against 

β-decay. 

 

      For unstable nuclei, when the time between successive neutron captures is much larger than 

the β-decay lifetimes, the network of processes involved is called the s-process („slow„). 

Inspection of a chart of the nuclides reveals that the s-process closely follows the valley of         

β-stability. A section of the nuclear chart is shown in Figure 2.4. 

 

      If neutron capture proceeds on a rapid time scale compared with β-decay lifetimes, the 

network of reactions involved is called the r-process („rapid„ ) [47]. 

 

 

 

Figure 2.4. Neutron capture paths for s-process and the r-process [47]. 
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4. Neutron-Capture Cross Section 

 

      The neutrons produced in stellar interiors are quickly thermalized through elastic scattering 

(in about 10
-11

 s), after which their velocities are represented by a Maxwell-Boltzmann 

distribution. Since the expected energy dependence of the neutron-capture cross section has the 

form: 

 

    
 

 
   

 

    
                                                           

(2-1) 

 

      The most probable energy for the process to occur is near E0 = kT (Figure 2.5), or, 

equivalently, the most probable velocity is VT = (2kT / µ) 
1/2

, with µ as the reduced mass (for the 

neutron-target system) [47]. 

                                                   

 

Figure 2.5. The Maxwell-Boltzmann energy distribution and the expected energy  

dependence of the neutron-capture cross section [47].  

 

 

      The stellar neutron capture rate [48]: 

 

        
〈  〉  ∫    ( )  

 

                                                      (2-2)
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Is determined by integration over the velocity distribution  ( )  . Most neutron capture 

scenarios are associated with dense, he rich environments where neutrons are quickly 

thermalized, regardless of their production reactions. The resulting Maxwell–Boltzmann 

distributions [48]: 

 

 ( )     
 

√ 
(
 

  
)
 

   ( 
 

  
)
 

 (
 

  
)

                                      (2-3) 

 

      Maxwellian-averaged stellar (n,γ ) cross sections 〈 〉 are defined as [48]: 

 

〈 〉    
〈  〉

  
  

 

√ 

∫  (  )      (        )   
 
 

∫       (        )   
 
 

                                    
(2-4)

 

 

where En = En,lab (A/(A + 1)) is the total kinetic energy in the center-of-mass system, En,lab is the 

laboratory neutron energy, A is the number of nucleons of the target,     √      is the mean 

velocity, and µ is the reduced mass for the neutron-target system [48]. 

 

      The Maxwellian-averaged cross sections 〈 〉 is given then by [47]: 

 

〈 〉   
〈  〉

  
  

 

√ 

 

(  ) 
∫  ( )     ( 

 

  
)  

 

 
                               (2-5) 

 

(k Boltzmann constant  = 8,6173.10
-5

 eV.K
-1

;  T = temperature, in K). 

 

      In the neutron energy range of interest for s-process nucleosynthesis (En = 1-300 keV), 

capture cross sections can be measured using several different techniques and a variety of neutron 

sources. Neutrons are produced most efficiently using accelerators. Electron linear accelerators 

(linac) and Van de Graaff accelerators (VDG) are most frequently used for this type of Work, 

each having specific advantages. 
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      An electron linac, provides a very powerful neutron source. Intense neutron bursts with broad  

energy distributions are produced by pulsed high-power electron beams via (γ, n) reactions on 

heavy-métal targets. With this time structure, capture cross section measurements can be carried 

out with excellent neutron energy resolution using time-of-flight (TOF) techniques in 

combination with flight paths of about 50 m. A problem with the linac is the intense 

bremsstrahlung from the neutron target, which requires heavy shielding of the target area.  

 

      In contrast to a linac, the VDG accelerator produces neutron fluxes smaller by 3-4 orders of 

magnitude. However, because the ion beams used for neutron production do not generate 

bremsstrahlung radiation, the need for target shielding is greatly reduced. As a consequence, 

significantly shorter neutron flight paths (<60 cm) can be used. This, in turn, allows the use of 

larger solid angles that compensate to a large extent for the lower neutron source strength. The  

(p, n) reactions on 
7
Li or 

3
H are used most commonly for neutron production. The proton energy 

is adjusted slightly above the reaction threshold, so that the center-of-mass velocity of the system 

exceeds the velocity of the emitted neutrons. In this situation the neutrons are kinematically 

collimated in a forward cone. 

       

      In most experiments, capture reactions are detected via the prompt y-cascades by which the 

newly formed nucleus de-excites. These so-called direct detection methods, which are 

supplemented by the activation technique. 

 

      Neutron capture leads to an unstable nucléus, measurements of the activity of these nuclei can 

be used to determine the capture rate. In this case the sample is placed close to the neutron target 

(Figure 2.6) and irradiated over a specific time interval (adjusted to the half-life of the unstable 

nucléus produced) [47]. 
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Figure 2.6. Schematic Setup for irradiating samples utilizing a kinematically  

collimated neutron beam [47].  

 

      All neutrons are emitted in a forward cone because of the reaction kinematics (for protons 

above threshold). The time dependence of the neutron flux and of its energy at zero degrees is 

monitored with a 
6
Li glass detector. The figure on the right shows the approximation to the 

Maxwell-Boltzmann energy distribution at kT = 30 keV (solid line) of the neutron spectrum 

simulated via the 
7
Li (p, n) 

7
Be reaction during activation (histogram). 

 

      The neutron source is shut off and the induced activity counted with calibrated high-

resolution detectors. Measurement of the activity as a function of time is used to verify that the 

correct assignment was made of the (n, γ) reaction being studied. The basic advantage of 

activation measurements is their inherent sensitivity. 

 

      Since the activation technique provides an average cross section over the spectrum of the 

neutrons used for activation (Figure 2.6), the neutron spectrum must be accurately known. Many 

investigators have tried to circumvent this difficulty by using monoenergetic neutrons. Problem 

solved by tailoring a spectrum that almost perfectly matches the Maxwell spectrum for              

kT = 30 keV. This was possible because of the experimentally determined properties of the      

7
Li (p, n) 

7
Be reaction when using protons above threshold. The spectrum simulated with 

MCNPX is as shown in the histogram in the right part of Figure 2.6 in 95% agreement with the 

Maxwell distribution for kT = 30 keV (solid line).  
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      Thus activation measurements done with such a neutron spectrum already provide the proper 

Maxwellian average for the cross section [47]: 

 

     

〈 〉  
〈  〉

  
  

 

√ 

∫  ( )     ( 
 

  
)  

 
 

∫      ( 
 

  
)  

 
 

 
 

√ 
 ̅   

                 

             

(2-6) 

 

      The sample to be investigated is sandwiched between two gold foils (Figure 2.6). Since the 

neutron-capture cross section for gold is accurately known and it can be activated as well, gold 

serves as an in situ standard. 

 

      The experimental efforts of many research groups contributed data on the average capture 

cross section <σ> at 30 keV for a wide range of nuclei. These data are shown schematically in 

Figure 2.3 as a function of neutron number N. Note that the light nuclei have small capture cross 

sections compared with the heavier ones (N > 28, A > 60). This feature is due in part to the low 

energy-level density in light nuclei, where often just a few resonances contribute to the capture 

cross section. 

 

      Note also the large dips that appear near the neutron closed shells with N = 8, 20, 28, 50, 82, 

and 126. These dips are caused by the dramatically reduced level density of nuclei with closed 

neutron shells as compared with neighboring nuclei. The data verify that the heavier elements are 

particularly likely to absorb neutrons [47]. 
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II. Generation of the neutron spectrum through the 
7
Li (p, n) 

7
Be reaction 

1. Introduction 

 

      Measurements of the cross section as a function of neutron energy can be performed by 

measuring the activity (induced radioactivity) of the sample of interest after irradiation within the 

neutron spectrum, for transmission experiments using 
6
Li glass detectors (

6
Li-glass), for (n, xnγ) 

measurements with HPGe detectors [45]. 

 

      In the neutron energy range of interest for nucleosynthesis process (En = 1-600 keV), capture 

cross sections can be measured using a variety of different techniques and a variety of neutron 

sources. Neutrons are produced most efficiently using accelerators [47]. 

      

      In an accelerator (VDG), (p, n) reactions on 
7
Li are used for the production of neutrons whose 

spectrum must be known with precision [49] to determine reference energy at kT = 30 keV, 

which is in direct relation to the temperature (corresponds to a temperature of 3.510
8
 K). This 

reference energy is represented by a Maxwell-Boltzmann distribution, and used for activation of 

samples [47]. 

 

      The production of the neutron spectrum produced by MCNPX simulation of the neutron 

source obtained by the 
7
Li (p, n) 

7
Be reaction in an accelerator (VDG) which offers the possibility 

of adapting the neutron spectrum exactly to the range of stellar energy, most be adjusted with 

respect to a true Maxwell-Boltzmann distribution for energy of kT = 30 keV to have a good 

agreement [47]. 

 

2. Neutron energy distributions 

 

      The reaction 
7
Li(p,n)

7
Be, at proton energies near above the reaction threshold can produce a 

good approximation to a MSNS (Maxwellian-Shaped Neutron Spectrum) [1], by providing large 

quantities of neutrons with energy ranging from a few up to hundreds keV [50]. 
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      When a monochromatic beam of charged particles interact with a thin foil of material, the 

outgoing beam energy is no more monochromatic because of electromagnetic interaction of the 

protons with the atoms of the material. Such a behavior can be used to change or “shape” the 

monochromatic proton energy distribution coming out from the accelerator [51]. 

 

      The neutron spectrum production is based on the use of the 
7
Li(p,n)

7
Be reaction [1] because it 

is one of the most prolific neutron-producing reaction in the keV neutron energy range [49], but 

using a shaped proton beam. The proton beam with 3.65 MeV, originating from the accelerator, 

is shaped through a thin foil of material (Aluminum (or Lead) : 70-125 μm), the energy of the 

monochromatic proton beam coming from the accelerator is shaped into a Gaussian like or 

convolution of Gaussian like distribution [1].  

 

      It should be stressed that the biggest advantage of the present approach is that no moderation 

system is used [1]  (a large amount of neutrons is often lost at the sample position, due to capture 

in the moderator) [50], while a high neutron flux is provided because of the use of a higher proton 

energy, even if large part of the proton beam is not used for the neutron production because its 

energy falls down to the threshold [1] of the 
7
Li (p, n) 

7
Be reaction of 1.88 MeV [50].  

       

      The 
7
Li(p,n)

7
Be reaction yields a continuous energy distribution in a forward cone of 120

◦
 

opening angle [52]. 

 

Figure 2.7. Setup for the beam line at CN  

(7 MV Van Der Graaf accelerator at INFN-LNL) [49]. 
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      The shaped beam impinges on a thick metallic Lithium target producing a neutron field that 

activates a circular-shaped sample placed in front of it at a definite target-to-sample distance [49], 

the copper backing held the aluminum foil, the lithium layer and the sample [53]. 

 

      The Gaussian proton distribution energy spectrum behind the aluminum foil is calculated 

with SRIM code (simulating the transport of protons through the energy shaper materials)       

[46, 50]. 

 

      A computer code (LZYield code [54]): based on Thick target neutron yields for the 

7
Li(p,n)

7
Be reaction near threshold [46]) was developed to study the behavior of the 

7
Li (p, n) 

7
Be reaction and its neutron yield for different proton energy distributions. With this code the 

desired Maxwell-Boltzmann neutron spectra is calculated tuning the shaped proton energy [1].  

 

      The effects of the target structure, mass and surrounding environment on the neutron spectra 

(take into account the full geometry of the target and neutron scattering in materials surrounding 

the target for the transport of neutrons with angular and energy yield of LZYield) can be 

simulated using MCNPX (Right the Figure 2.6) [1, 50], The inputs files are generated from the 

LZYield code for the source card in the MCNPX [50]. 

 

      The free parameters used to produce the desired MSNS (Maxwellian-Shaped Neutron 

Spectrum) at given kT (30 keV) are the proton energy of the accelerator, the foil thickness (Al (or 

Pb)) and the angular aperture seen by the measuring sample [1]. For every set of these parameters 

a neutron spectrum is calculated and fitted to a Maxwell–Boltzmann function, determining the 

energy kT = 30 keV and the goodness of fit (coefficient of determination) for that fit [49]. 
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Figure 2.8.  Maxwell Boltzmann neutron spectra (MBNS) at different stellar temperatures  

for different proton energies and 75 μm Al thickness [55].  

 

 

 

Figure 2.9.  Near-threshold thick target neutron angular distributions for natural  

lithium metal [55]. 

 

      In order to reduce the mass of the sample, when measuring rare elements of radioactive 

isotopes, a high intensity neutron flux is required [1]. Thus, it is of great importance to have the 

smallest possible proton beam spot size at the target and the sample as close as possible to it. This 

can be achieved maximizing the beam current and minimizing the beam cross area [50]. The 
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crucial element for neutron production within this approach is the Lithium target (some μm thick 

metallic Li target) [1]. 

 

      Metallic lithium necessitates cautious handling due to its inherent chemical instability and 

potent oxidation potential. At ambient temperature, lithium readily reacts with both nitrogen and 

oxygen, forming a surface layer that diminishes the overall neutron yield. Consequently, the 

lithium foil has conventionally been stored in an environment saturated with inert gas or in 

vacuum to prevent its degradation [55]. 

 

The Lithium target assembly must satisfy to several constraints [55]: 

 

1- Low mass: This is necessary to minimize neutron backscattering and to reduce radioactivity. 

The use of a low-mass Lithium target helps to mitigate these effects. 

 

2- Small thickness: The target assembly should have a small thickness to maximize the neutron 

flux. By keeping the measuring sample in close contact with the neutron-producing surface, the 

neutron flux can be optimized. Additionally, a small copper backing thickness helps to minimize 

perturbations in the neutron spectra. 

 

3- Low cost and easy fabrication procedure: The target material should be affordable and readily 

available, and the fabrication process should be straightforward. This enables the target to be 

replaced frequently, even during measurements, ensuring continuous and reliable experimental 

conditions. 

 

The Aluminum (or Lead) shape foil material used must satisfy certain requirements [55]: 

1- Low atomic number and low density: These properties are desirable to minimize neutron 

scattering and absorption, ensuring efficient transmission of neutrons through the foil material 

and, mostly, managing well the thickness disomhogenity. 

2- High melting point: A high melting point is important to maintain the structural integrity of the 

foil material under the high-energy proton beam used for neutron production. 



 Maxwellian Averaged Cross Section (MACS)                                                                   Chapter 2 

 55 

3- High thermal conductivity: Good thermal conductivity helps dissipate heat generated during 

the interaction between the proton beam and the foil material, ensuring stable operation and 

minimizing temperature fluctuations. 

4- High tensile strength: The foil material should possess high tensile strength to withstand 

mechanical stresses and prevent deformation or breakage during handling and usage. 

 

      With such neutron spectra, using the activation technique it is possible to measure the MACS 

at 30 keV by measuring the total neutron capture cross section [1]. Upon subjecting the specimen 

to irradiation, in the event that the nucleus generated through the process of neutron capture 

exhibits radioactivity, characterized by a suitable half-life, the subsequent measurement of 

gamma activity enables the acquisition of the empirical neutron capture cross section [57]. The 

energy of 30 keV commonly used as a reference [56]. 

 

      The value of the MACS at kT = 30 keV can also be obtained by correction (extrapolation or 

interpolation) to the measured value at kT = 25 keV (or another value), if a good approximation 

of the MSNS (Maxwellian-Shaped Neutron Spectrum) which depends on a given structure is at   

kT = 25 keV (or another good value) [1]. 
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III. Measuring of the Maxwellian Averaged Cross Section (MACS) at kT= 30 keV by 

Activation 

1. Introduction 

 

      By activation, the accuracy is much higher and the sample can have much less mass 

(convenient when you have radioactive isotopes samples, they are bad or not measured at all 

because of the large background). Moreover, the flux is much higher, allowing the measurement 

of low cross section (magic nuclei) or rare or costly elements. Furthermore, the activation 

technique cannot be applied if a stable or a short‐lived isotope is produced in the neutron capture 

reaction. 

 

      Neutron activation analysis is an important method to quantify the activation foils. The 

activation foil becomes radioactive when it is irradiated by neutrons. The activated nuclides 

undergo decay and emit various kinds of particles. In most cases gammas are emitted with 

specific energies. 

 

      For each element studied, the capture reactions are detected via the y-cascades of new nuclei 

formed and excited in the irradiated sample. 

 

      The nuclear reaction cross section of the sample can be estimated by measuring the gamma 

activity of the nuclide using high resolution HPGe detector. 

     

      The measurement of the activity of these new nuclei is used to go back to the measurement of 

the Maxwellian Averaged Cross Section of the irradiated elements for a reference temperature T 

corresponding to an energy E = kT = 30 keV. 

 

      The Measure of the cross section for an element is relative to the cross section of 
197

Au, since 

the 
197

Au may also be enabled to serve as a standard. They use gold because of the high cross 

section, reasonable lifetime (which means a good statistic can be performed in a short time) and 

because the cross section is well known [52, 53, 55-60]. 
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2. Measuring of the MACS for 
197

Au(n, γ) at kT= 30 keV by Activation 

 

      The setup consisted of a copper backing that held the metallic lithium target and the gold 

sample Figure 2.10. After the irradiation, 
7
Be is prodused (in the Lithium target) and 

198
Au (with 

a half-life of 53,29 and 2,6947 days respectively) [57, 59].  

 

 

Figure 2.10. Experimental setup during the activations [55]. 

 

      The cross section can be calculated if the number of activated nuclei A, the neutron fluence 

through the sample Φ, and the sample mass thickness N are known [57-59]: 

 

     = 
 

   
 
   

 
 = 

 

   
 
   

   
 
[          ]  
[          ]  

 
 

  
 
 

  
                                  

(2-7)
 

 

A, the number of activated nuclei, can be determined from the γ-ray spectra measured with the 

HPGe detector. C is the number of events registered by the detector, Iγ is the gamma intensity of 

lines; ε is the HPGe gamma detector efficiency (including energy efficiency and geometric 

efficiency that takes into account the extended samples effects); Kγ is the correction due to the 

gamma absorption and scattering in materials, before the gammas reach the detector; Ks reflects 

the neutron scattering (meanly due to Cu backing but also due to the sample); Kf is a correction 

due to the flat sample used in experiment: it must be noticed that the Au sample thickness as 

seeing by neutrons passing through Au depends on the entering angle θ inside the sample   

Figure 2.11. 
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Figure 2.11.  Left: scheme of some possible neutron scattering effects in a real experiment. 

Right: ideal activation experiment [59]. 

 

The factor fd relates the number of the decay nuclei during the measurement time (tm) with the 

total number of activated nucleus (during irradiation time, ta). It also includes the decay nuclei 

during the waiting time (tw), the time between the end of neutron irradiation and the beginning of 

activity measurement with the HPGe detector, and Φ(t) is the neutron flux. 

 

fd = 
     (∫   ( )   

  
   )

∫   ( )
  
   

 (     ) (       )                                 
(2-8)

 

 

CAu and CBe are counted using Canberra GENIE2000 software connected to the acquisition 

system consisting of HPGe. 

 

Mass thickness NAu is obtained with accurate measurements of mass and surface of the gold 

sample, cutting the gold sample after irradiation for a more precise measurement of the activated 

region. 

 

      Finally, in order to obtain the MACS, a correction is needed of experimental cross-section 

(𝜎exp ) due to the difference between a quasi-maxwellian neutron spectrum and a true maxwellian 

neutron spectrum at kT = 30 keV, so-called Kmax factor [57-59]. 

 

MACS = 
 

√ 
                                                             

(2-9) 
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3. Measuring of the MACS for elements at kT= 30 keV by Activation 

 

      The samples are typically sandwiched between gold foils and placed directly on the backing 

of the lithium target. A typical setup is sketched in Figure 2.12. The simultaneous activation of 

the gold foils provides a convenient tool for measuring the neutron flux, since both the 

Maxwellian averaged neutron capture cross section of 
197

Au and the parameters of the 
198

Au 

decay are accurately known (The half-life of 
198

Au is 2.6947 days) [52]. 

 

 

Figure 2.12.  Typical activation setup (The sample is usually sandwiched by two gold foils in 

order to determine the neutron flux just before and behind the sample) [52]. 

 

      The MACS of sample with gold as a reference can be obtained with the expression [53, 56]: 

 

MACSsample = MACSAu  
                     

                             
                                

(2-10)
 

 

where MACSAu is the MACS Au reference, n is the sample thickness (at/b), Φ is the fluence 

through the sample (determined by measuring the 
7
Be activity), A is the number of activated 

nuclei, f A−X accounts the decay during the time of activation, tA, of the isotope X: 

 

f A = 
∫   ( )  (    )
  
   

∫   ( )
  
 

  
                                                           

(2-11)
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 ( ) is the neutron flux as a function of the time. A can be determined from the γ-ray spectra 

with the relation : 

 

A = 
 

     (       )     
                                                        

(2-12)
 

 

C is the number of events registered by the HPGe detector, Kγ is a correction factor for self-

absorption and multiple scattering, ϵ is the detector efficiency, Iγ is the absolute intensity for the 

particular gamma-ray line used for the measurement of the 
198

Au activity; λ is the decay constant 

of each isotope and tm and tw the measuring and cooling times. In case of constant flux, Eq. (2-8) 

reduces to (1-exp(-λtA))/λtA. 

 

      The discrepancy in neutron fluence between the gold and sample materials arises from the 

placement of the sample behind the gold sample. These variations investigate through the 

utilization of MCPNX simulations, which facilitate the examination of the neutrons traversal 

through the gold front surface, the sample's front surface, and its back surface. By approximating 

the average reduction in sample flux, an estimation of the fluence ratio between the gold and 

sample can be derived [53, 56]. 
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Chapter 3 

Systematics of Maxwellian Averaged Neutron Capture 

Cross Sections (MACS) at 30 keV 

 

1. Introduction 

 

      A formula for the calculation of neutron radiative capture cross sections in the framework of a 

statistical model approach was proposed in the work of Y. Djerboua et al. [61]. In that work, a 

significant interrelation with experimental data shows that systematics is useful in estimating the 

(n,γ) cross sections of neighboring odd-A isotopes and even-even isotopes [62], where no 

experimental data are available. For unstable nuclei, experimental measurements of (n,γ) reaction 

cross sections are rather difficult due to the radioactivity of target material [63-66], and the 

difficulty of having enough nuclei to perform an experiment. From a theoretical point of view, it 

remains a challenge to estimate model parameters in a reliable way for calculating the (n,γ) 

reaction cross sections of nuclei far from the β-stability line [67-69]. Using the experimental data 

of nuclei available in the Karlsruhe Astrophysical Database of Nucleosynthesis in Stars 

(KADoNiS) [70], a MACS formula is derived for target nuclei with mass number A ≫ 1 and 30 

keV incident neutron energies. 

 

2. Theoretical background 

 

2.1. Radiative cross section 

 

      From Bohr's postulate, for neutrons with energies below the pre-equilibrium region (around 

14 MeV), the nuclear reaction process can be divided in two well-separated independent stages. 

The first is the formation of a compound nucleus in a well-defined state, in which the incident 

energy is shared among all the constituent nucleons. Then, the compound nucleus loses its 

memory of the formation process and goes to the second stage: decay happens through particle 
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emission (neutron, γ ray, proton…) or the fission process. The radiative (n,γ) cross section is the 

product of the formation cross section of the compound nucleus and the probability of its decay 

through γ emission, which is [61, 62]: 

 

 (   ) =    
  

 
 =    

  

∑    
                                                      (3-1) 

  

where σcn is the formation cross section of the compound nucleus, Γγ is the γ-emission width of 

the compound nucleus and, Γ represents the total decay width which is the summation over all 

possible decay channels Γi. The (n,γ) cross section can be written as [61, 62]: 

 

 (   ) = 
    

  (  )

         
   

 (     
      

    
   )                                         (3-2) 

 

where c is the speed of light, mn is the neutron mass at rest, En is the incident neutron energy,   

is the nuclear level density and,    is the excited energy of the compound nucleus. The values of 

the empirical parameters of the giant dipole resonance (GDR) are:          (mb),        

           
   ⁄  (MeV),             where, t is the nuclear temperature and A is the 

mass number of the compound nucleus. The spin statical factor (g) is given by [61, 62]: 

 

g = 
(     )(     )

(     )
                                                            (3-3)

 
 

where sn, sd and sc are the spins of neutron, residual and compound nuclei, respectively.  

 

      Within the constant temperature (CT) model, the level density can be written as [61, 62]: 

 

 (  ) = 
 

 
  ( 

    )                                                           (3-4) 

 

where E0 is backshift energy. 
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2.2- Systematics for (n,γ) reaction cross sections of nuclei 

 

      The (n,γ) cross section is proportional to the level density of a compound nucleus with 

excitation energy E* (Eq. 3-2).  The excitation energy is given by the mass-energy relation [61, 

62]: 

 

E
*
 =   (     )   

 

   
     = [ (   )      (     )] 

   
 

   
           (3-5) 

  

where Sn(Z,A+1) is the neutron separation energy of the compound nucleus. 

 

      For a non-magic target nucleus with A ≫ 1, the value of E* can be calculated using the 

Weizsacker mass formula and reduced to [61, 62]: 

 

E
*
      

  

 
*
 (   )  

 
  

(     ) 

  
+   

 

   
                                       (3-6) 

 

where c1 is a constant along one isotopic chain and, aa = 92.80 MeV is the parameter of the 

asymmetry terms in the formula. At the same incident energy En, approximately taking  
 

(   )
 ∼ 1 

[61, 62], 

  

E
*
      

  

 
*
 (   )  

 
 
(     ) 

  
+                                           (3-7) 

 

Combining Eqs. (3-2), (3-4) and (3-7), the isotopic dependence of (n,γ) cross section is written as 

[61, 62]: 

 

 (   ) = a A
1.4  

   [ 
 (   )  

 
   
(     ) 

  
]
                                         (3-8) 

 

With, 
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  a = 
            

       
(     

      

    
   )  (        )        (  )                          (3-9) 

  b = 
  

  
                                                                                                         (3-10) 

 

where a (in millibarn units) and b are the adjustment parameters and; A, N and Z are the mass 

number, number of neutrons and number of protons of the target nucleus, respectively, with       

A = N + Z [61, 62]. 

       

3. Systematics for MACS at 30 keV  

 

      The neutron radiative capture cross section in the framework of a statistical model approach 

is calculated with Eq. (3-1). From this equation a formula for measuring the MACS at 30 keV is 

derived. The MACS is defined as the ratio between the reaction rate per particle rate (〈𝜎𝑣〉) and 

the most probable velocity (𝑣𝑇) [47, 49, 71]: 

 

 

MACS   〈 〉   = 
〈  〉 

  
 = 

 

√ 
 
∫  (  )    

(
   
  

)
   

 
 

∫     
(
   
  

)
   

 
 

                                         (3-11) 

 

MACS = 
 

√ 
 
 

(  ) 
∫  (  )    

(
   
  
)   

 

 
                                              (3-12) 

 

where T is the stellar temperature, k is the Boltzmann constant, En is the incident neutron energy 

and σ(En) is the energy dependent neutron capture cross section [47, 49, 71]. 

 

Substituting Eq. (3-8) in Eq. (3-12): 

 

 

MACS = 
 

√ 
 
 

(  ) 
      

   [ 
 (   )  

 
   
(     ) 

  
]
 ∫        

(
   
  
)   

 

 
                          (3-13)  
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MACS =  
 

√ 
 
 

(  ) 
      

   [ 
 (   )  

 
 – 
(     ) 

  
]             

     
(     

      

    
   )  

∫  (        )    (
   
  
)   

 

 
                                                              (3-14) 

 

Integrating the Eq. (3-14): 

 

MACS = 
 

√ 
 
 

(  ) 
      

   [ 
 (   )  

 
   
(     ) 

  
]             

     
(     

      

    
   )  (     )   

   

    
 (3-15) 

 

Defining the parameter C (in millibarn units) and  
(     ) 

  
   

(   ) 

  
 : 

 

C = 
 

√ 
 
 

  

            

     
(     

      

    
   )  (     )   

 

    
      * 

 (   )  

 
 +
       (  )            (3-16)  

 

the MACS (Z,A) is reduced to: 

 

MACS (Z, A) = C A
1.4  

  [ 
(   ) 

  
]
                                            (3-17) 

Applying logarithms the Eq. (3-17) is reduced to: 

 

 

      (
    (   )

    
) = 

 

  (  )
 * 
(   ) 

  
+ +       C

 
                                 (3-18) 

     Eq. (3-18) is a linear function in the form Y = A X + B, with A = 
 

  (  ) 
 and B = log10 C. This 

equation contains two parameters (C and b) to be determined with the least squares adjustment 

method. 

 

      Table 3.1 presents the experimental Maxwellian Averaged Cross Sections (MACS) at 30 keV 

for 89 isotopes for 15 elements with mass number 70 ≤ A ≤ 204. The MACS values adopted in this 

study were taken from the KADoNis database (KADoNis 2023). A significant number of nuclei, 

have limited experimental data available, often consisting of less than three isotopes for odd-A or 



 Systematics of (MACS) at 30 keV                                                                                      Chapter 3 

 66 

even-A nuclei. Having at least three isotopes is important for conducting a reliable fit and 

accurately assessing the linear dependency. 

 

Table 3.1. Experimental MACS at 30 keV for nuclei along different isotopic chains from  

KADoNiS database [70]. 

 

Z A MACS exp (mb) ΔMACS exp (mb) Ref. 

 

32 (Ge) 

 

Even 

70 88.0 5.0 [49] 

72 73.0 7.0 [49] 

74 37.6 3.9 [72] 

76 21.5 1.8 [72] 

 

 

34 (Se) 

 

 

Even 

74 271.0 15.0 [73] 

76 164.0 8.0 [49, 74] 

78 60.1 9.6 [75] 

80 42.0 3.0 [49] 

82 9.0 8.0 [49] 

 

 

 

36 (Kr) 

 

 

Odd 

79 959.0 162.0 [49] 

81 607.0 105.0 [49] 

83 243.0 15.0 [49] 

85 55.0 45.0 [49] 

 

 

Even 

78 321.0 26.0 [49] 

80 267.0 14.0 [49] 

82 90.0 6.0 [49] 

84 38.0 4.0 [49] 

 

 

 

 

50 (Sn) 

 

 

Odd 

115 342.4 8.7 [49, 76] 

117 318.8 4.8 [49, 76] 

119 180.0 10.0 [49] 

121 167.0 30.0 [49] 

125 59.0 9.0 [49] 

 

 

 

 

Even 

112 210.0 12.0 [49] 

114 134.4 1.8 [49, 76] 

116 91.6 0.6 [77] 

118 62.1 0.6 [49] 

120 36.2 0.3 [77] 

122 21.9 1.5 [49] 
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124 12.0 1.8 [49] 

126 10.0 4.0 [49] 

 

51 (Sb) 

 

Odd 

121 532.0 16.0 [49, 78] 

123 303.0 9.0 [49, 78] 

125 260.0 70.0 [49] 

 

 

52 (Te) 

 

 

Even 

120 538.0 26.0 [49] 

122 295.0 3.0 [49] 

124 155.0 2.0 [49] 

126 81.3 1.4 [49, 79] 

128   44.4 1.3 [49, 78] 

130 14.7 2.8 [49] 

 

 

 

54 (Xe) 

 

Odd 

129 617.0 12.0 [80] 

131 340.0 65.0 [49] 

133 127.0 34.0 [49] 

 

 

 

Even 

124 644.0 83.0 [49, 81] 

126 359.0 51.0 [49, 81] 

128 262.5 3.7 [80] 

130 132.0 2.1 [80] 

132 64.6 5.3 [49, 81] 

134 20.2 1.7 [49, 81] 

 

 

56 (Ba) 

 

 

Even 

130 746.0 34.0 [49] 

132 397.0 16.0 [49] 

134 176.0 5.6 [49] 

136 61.2 2.0 [49] 

 

 

 

 

 

58 (Ce) 

 

 

Odd 

133 2600.0 400.0 [49] 

135 1320.0 260.0 [49] 

137 973.0 256.0 [49] 

139 214.0 120.0 [49] 

141 76.0 33.0 [49] 

 

 

Even 

 

132 1570.0 420.0 [49] 

134 967.0 351.0 [49] 

136 328.0 21.0 [49, 82] 

138 179.0 5.0 [49, 82] 

142 28.0 1.0 [49] 

 

63 (Eu) 

 

Odd 

151 3478.0 77.0 [83] 

153 2556.0 46.0 [83] 
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 155 1320.0 84.0 [49, 84] 

 

64 (Gd) 

 

Odd 

153 4550.0 700.0 [49] 

155 2648.0 30.0 [85] 

157 1369.0 15.0 [85] 

 

 

68 (Er) 

 

 

Even 

162 1624.0 124.0 [49] 

164 1084.0 51.0 [49, 83] 

166 563.0 56.0 [49] 

168 338.0 44.0 [49] 

170 170.0 7.0 [49] 

 

70 (Yb) 

 

Odd 

171 1210.0 12.0 [49, 86, 87] 

173 754.0 7.0 [49] 

175 558.0 83.0 [49] 

 

 

78 (Pt) 

 

 

Even 

190 508.0 44.0 [88] 

192 590.0 120.0 [49] 

194 365.0 85.0 [49] 

196 183.0 16.0 [49] 

198 92.2 4.6 [49] 

 

 

80 (Hg) 

 

Odd 

199 374.0 23.0 [49, 89] 

201 264.0 14.0 [49, 89] 

203 98.0 17.0 [49] 

 

 

Even 

196 204.0 8.0 [88] 

198 173.0 15.0 [49, 89] 

200 115.0 12.0 [49, 89] 

202 63.2 1.9 [49] 

204 42.0 4.0 [49, 89] 

       

 

      The investigation is focused on studying the behavior of MACS for nuclei along various 

isotopic chains. These isotopic chains were selected based on the availability of experimental 

data. It’s worth noting that the selection was limited to the existing data, as the accuracy and 

reliability of MACS calculations heavily rely on the availability of experimental measurements. 

In order to gain a deeper understanding of the MACS behavior along different isotopic chains, 

future studies could explore the possibility of expanding the available experimental data. By 

incorporating newly acquired MACS measurements, researchers can further refine their 

investigations and enhance the accuracy of their predictions. 
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      Furthermore, the proposed formula, referred to as Eq. (3-12), holds promise for future 

investigations. This formula, when applied to the analysis of MACS data, has the potential to 

provide valuable insights into the underlying nuclear processes. However, it’s important to note 

that the formula's effectiveness and validity can only be fully assessed through rigorous testing 

and verification using experimental data. Given the dynamic nature of scientific research, it’s 

reasonable to anticipate that additional MACS data will become available in the future. The 

incorporation of such data into analyses and calculations would undoubtedly contribute to 

expanding our knowledge and refining our understanding of nuclear reactions [90]. 

 

      Figure 3.1  shows the values of the  
    

    
  as a function of  

(   ) 

  
 , for the nuclei present in 

Table 3.1 [90]. 
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Figure 3.1. The  
    

    
  values as a function of   

(   ) 

  
   for nuclei along different  

isotopic chains [90]. 
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      Upon careful examination of Figure 3.1, it becomes evident that a linear dependence can be 

observed for both odd-A and even-A nuclei, particularly where A, representing the mass number, 

is significantly greater than 1. This finding suggests the presence of a systematic relationship 

between the  
    

    
  values and the  

(   ) 

  
  ratio. 

 

      To further elucidate the observed trends, the figure includes two distinct lines: a solid line and 

a dashed line. These lines are constructed based on the least-χ
2
 fits of the experimental MACS, 

which are represented on a logarithmic scale. The fitting process follows Eq. (3-18). The solid 

line and dashed line visually represent the best-fit curves obtained through this fitting procedure. 

By comparing the positions and trajectories of the fitted lines with the data points, one can 

evaluate the degree to which the model accurately captures the underlying relationship. 

 

      It’s worth noting that the fitting procedure employed here aims to minimize the discrepancy 

between the experimental MACS values and the values predicted by Eq. (3-18). The least-χ
2
 

criterion is utilized as a measure of the overall agreement between the model and the data, 

ensuring a rigorous assessment of the fitting quality. By selecting the parameters that minimize 

the χ
2
 value, the best-fit curves are obtained [90]. 

 

4. Results and discussion 

 

4.1. Fitting of systematics parameters        

 

      The best fit corresponds to the minimum of the following expression [91]:           

 

    
 

(   )
  

 

(   )
 ∑ (

  
   
   

   

   
   )

 
 
                                             (3-13) 

 

      The quantity χ2, known as the reduced Chi-squared, is a statistical criterion to assert the 

accuracy of a given analytical model or formula. The quantity   gives the weighted deviation of 

the calculated data   
    from the experimental ones given by    

   
 and    

   
, where   is the 

number of experimental data points and    is the number of fitting parameters (constraints) [91]. 
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      The obtained values of the fitting parameters C and b, and the values for   and χ
2
 are listed in 

Table 3.2. The values of χ
2
 are small for most elements, which suggests Eq. (3-18) would be 

helpful to estimate the MACS of neighboring isotopes for which no experimental data are 

available [90].  

 

 

Table 3.2. Obtained values of the parameters C and b, and the corresponding 

  and χ
2
 values of the fits [90]. 

 

Z Type of 

nuclei 

C (mb) b    χ
2
 

32 (Ge) Even-A 0.44 ± 0.04 -87.08 ± 6.92 3.29 1.64 

34 (Se) Even-A 1.53 ± 0.18 -128.66 ± 9.08 7.87 2.62 

36 (Kr) Odd-A 7.91 ± 1.93 -157.68 ± 14.92 1.77 0.88 

Even-A 2.28 ± 0.78 -162.96 ± 26.93 26.87 13.43 

50 (Sn) Odd-A 1.68 ± 0.64 -71.30 ± 18.40 73.88 24.62 

Even-A 0.95 ± 0.05 -109.62 ± 2.38 36.9 6.15 

51 (Sb) Odd-A 15.30 ± 4.99 -128.50 ± 12.06 1.69 1.69 

52 (Te) Even-A 9.47 ± 0.71 -151.32 ± 2.98 12.29 3.07 

54 (Xe) Odd-A 68.12 ± 32.81 -173.56 ± 18.10 0.54 0.54 

Even-A 20.20 ± 6.09 -173.44 ± 11.32 48.62 12.15 

56 (Ba) Even-A 58.11 ± 20.60 -217.06 ± 13.33 21.80 10.90 

58 (Ce) Odd-A 121.62 ± 56.61 -228.28 ± 23.12 3.15 1.05 

Even-A 48.59 ± 12.43 -222.54 ± 9.12 12.41 4.13 

63 (Eu) Odd-A 64.71 ± 55.34 -109.68 ± 28.53 22.42 22.42 

64 (Gd) Odd-A 519.38 ± 43.93 -179.05 ± 2.61 0.40 0.40 

68 (Er) Even-A 111.29 ± 19.19 -168.85 ± 5.00 3.43 1.14 

70 (Yb) Odd-A 85.59 ± 12.87 -138.45 ± 4.32 1.27 1.27 

78 (Pt) Even-A 30.05 ± 17.65 -138.71 ± 14.04 11.67 3.89 

80 (Hg) Odd-A 169.31 ± 418.81 -170.68 ± 61.08 10.71 10.71 

Even-A 10.16 ± 3.04 -129.36 ± 7.44 7.37 2.45 

 

      The ability to estimate the MACS of neighboring isotopes is particularly significant in cases 

where experimental data is scarce or not obtainable. Eq. (3-18), based on the obtained fitting 
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parameters C and b, provides a means to approximate the MACS values for these isotopes. By 

leveraging the well-defined relationship captured by the fitted function, researchers can 

extrapolate and predict the behavior of neighboring isotopes that have not been directly measured 

[90]. 

 

4.2. Comparison between calculated data and experimental data 

 

      The values of the MACS calculated with the proposed formula (Eq. 3-17) were compared 

with the experimental ones from the KADoNis database. The ratio  
         

          
  and relative error 

was also determined and the results are summarized in Table 3.3 [90]. 

 

 

Table 3.3. Ratio between the experimental and calculated MACS at 30 keV [90]. 

 

Z A MACS exp ± ΔMACS exp 

(mb) 

MACS cal (mb)          

          
 

|                   | 

          
×100 (%) 

 

32 (Ge) 

 

Even 

70 88.00 ± 5.00 88.87  0.99 0.98 

72 73.00 ± 7.00 59.82  1.22 18.05 

74 37.60 ± 3.90 37.13  1.01 1.25 

76 21.50 ± 1.80 21.57  1.00 0.32 

 

 

34 (Se) 

 

 

Even 

74 271.00 ± 15.00 271.82  1.00 0.30 

76 164.00 ± 8.00 158.02  1.04 3.64 

78 60.10 ± 9.60 82.26  0.73 36.87 

80 42.00 ± 3.00 39.07  1.08 6.97 

82 9.00 ± 8.00 17.19  0.52 91.00 

 

 

 

 

36 (Kr) 

 

 

Odd 

79 959.00 ± 162.00 1040.00  0.92 8.44 

81 607.00 ± 105.00 530.40  1.14 12.61 

83 243.00 ± 15.00 241.00  1.01 0.82 

85 55.00 ± 45.00 99.44  0.55 80.80 

 

 

Even 

78 321.00 ± 26.00 387.30  0.83 20.65 

80 267.00 ± 14.00 206.30  1.29 22.73 

82 90.00 ± 6.00 96.55  0.93 7.27 

84 38.00 ± 4.00 40.51  0.94 6.60 
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50 (Sn) 

 

 

Odd 

115 342.40 ± 8.70 383.20 0.89 11.91 

117 318.80 ± 4.80 293.10  1.09 8.06 

119 180.00 ± 10.00 219.60 0.82 22.00 

121 167.00 ± 30.00 161.60  1.03 3.23 

125 59.00 ± 9.00 83.63  0.71 41.74 

 

 

 

 

Even 

112 210.00 ± 12.00 199.58  1.05 4.96 

114 134.40 ± 1.80 137.85  0.98 2.56 

116 91.60 ± 0.60 91.67  0.99 0.07 

118 62.10 ± 0.60 58.96  1.05 5.05 

120 36.20 ± 0.30 36.83  0.98 1.74 

122 21.90 ± 1.50 22.41  0.98 2.32 

124 12.00 ± 1.80 13.34  0.90 11.16 

126 10.00 ± 4.00 7.78  1.29 22.2 

 

51 (Sb) 

 

Odd 

121 532.00 ± 16.00 530.40  1.00 0.30 

123 303.00 ± 9.00 304.70  0.99 0.56 

125 260.00 ± 70.00 170.2  1.53 34.53 

 

 

52 (Te) 

 

 

Even 

120 538.00 ± 26.00 523.50 1.03 2.69 

122 295.00 ± 3.00 292.90 1.01 0.71 

124 155.00 ± 2.00 157.60 0.98 1.67 

126 81.30 ± 1.40 81.92 0.99 0.76 

128 44.40 ± 1.30 41.31 1.07 6.95 

130 14.70 ± 2.80 20.28 0.72 37.95 

 

 

54 (Xe) 

 

Odd 

129 617.00 ± 12.00 617.41  0.99 0.06 

131 340.00 ± 65.00 297.80  1.14 12.41 

133 127.00 ± 34.00 139.13  0.91 9.55 

 

 

Even 

124 644.00 ± 83.00 959.50 0.67 48.99 

126 359.00 ± 51.00 511.30  0.70 42.42 

128 262.50 ± 3.70 260.90  1.01 0.60 

130 132.00 ± 2.10 128.10  1.03 2.95 

132 64.60 ± 5.30 60.83  1.06 5.83 

134 20.2 ± 1.70 28.02 0.72 38.71 

 

 

56 (Ba) 

 

 

Even 

130 746.00 ± 34.00 825.10 0.90 10.60 

132 397.00 ± 16.00 370.60 1.07 6.64 

134 176.00 ± 5.60 158.9 1.11 9.71 

136 61.20 ± 2.00 65.39 0.94 6.84 

  133 2600.00 ± 400.00 2746.00 0.95 5.61 
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58 (Ce) 

 

Odd 

135 1320.00 ± 260.00 1270.00 1.04 3.78 

137 973.00 ± 256.00 558.40 1.74 42.61 

139 214.00 ± 120.00 234.90 0.91 9.76 

141 76.00 ± 33.00 94.89 0.8 24.85 

 

 

Even 

 

132 1570.00 ± 420.00 1719.00 0.91 9.49 

134 967.00 ± 351.00 832.90 1.16 13.86 

136 328.00 ± 21.00 383.10 0.86 16.79 

138 179.00 ± 5.00 168.30 1.06 5.97 

142 28.00 ± 1.00 28.82 0.97 2.92 

 

63 (Eu) 

 

 

Odd 

151 3478.00 ± 77.00 3596.00 0.97 3.39 

153 2556.00 ± 46.00 2433.00 1.05 4.81 

155 1320.00 ± 84.00 1622.00 0.81 22.87 

 

64 (Gd) 

 

Odd 

153 4550.00 ± 700.00 4987.90  0.91 9.62 

155 2648.00 ± 30.00 2645.05  1.00 0.11 

157 1369.00 ± 15.00 1369.73  0.99 0.05 

 

 

68 (Er) 

 

 

Even 

162 1624.00 ± 124.00 1782.00 0.91 9.72 

164 1084.00 ± 51.00 1023.00 1.06 5.62 

166 563.00 ± 56.00 574.90 0.98 2.11 

168 338.00 ± 44.00 317.20 1.07 6.15 

170 170.00 ± 7.00 172.10 0.99 1.23 

 

70 (Yb) 

 

Odd 

171 1210.00 ± 12.00 1209.26  1.00 0.06 

173 754.00 ± 7.00 754.85  0.99 0.11 

175 558.00 ± 83.00 465.11  1.20 16.64 

 

 

78 (Pt) 

 

 

Even 

190 508.00 ± 44.00 548.30 0.93 7.93 

192 590.00 ± 120.00 360.30 1.64 38.93 

194 365.00 ± 85.00 234.10 1.56 35.86 

196 183.00 ± 16.00 150.70 1.21 17.65 

198 92.20 ± 4.60 96.07 0.96 4.19 

 

 

80 (Hg) 

 

Odd 

199 374.00 ± 23.00 398.16  0.94 6.45 

201 264.00 ± 14.00 233.86  1.13 11.41 

203 98.00 ± 17.00 135.91  0.72 38.68 

 

 

Even 

196 204.00 ± 8.00 209.30 0.97 2.59 

198 173.00 ± 15.00 142.20  1.22 17.80 

200 115.00 ± 12.00 95.75  1.20 16.73 

202 63.20 ± 1.90 63.92  0.99 1.13 

204 42.00 ± 4.00 42.35  0.99 0.83 
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      The objective of this study is to analyze the relationship between the experimental and 

calculated Maxwellian Averaged Cross Sections (MACS) as a function of the mass number (A). 

To visualize this relationship, Figure 3.2 displays a plot illustrating the ratio between the 

experimental and calculated MACS values [90]. 

 

 

Figure 3.2. Ratio between the experimental and calculated (Eq. 3-17) MACS values as a  

function the mass numbers A [90]. 

 

 

      Upon observing Figure 3.2, it becomes evident that the majority of nuclei exhibit a ratio very 

close to unity. This implies a substantial level of agreement between the experimental and 

calculated MACS values. Such agreement is indicative of a reliable and accurate calculation 

method utilized in this study. 

 

      Conversely, the fact that the majority of nuclei demonstrate a ratio very close to unity 

suggests a robust physics basis for Eq. (3-18). Eq. (3-18) serves as a mathematical representation 

employed in this study to describe the MACS along different isotopic chains. The consistency 

observed between the experimental and calculated MACS values provides compelling evidence 
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supporting the validity and applicability of Eq. (3-18) in describing the behavior of MACS across 

a wide range of isotopic chains [90]. 

 

5. Conclusion 

 

      The findings from this study hold significant implications for the field of nuclear physics. The 

strong agreement between experimental and calculated MACS values implies that the calculation 

method employed in this study captures the essential physical phenomena governing the MACS 

behavior. Consequently, this study contributes to the advancement of our fundamental 

understanding of nuclear reactions and their underlying mechanisms. 

 

      Furthermore, the systematic approach developed in this study proves to be highly useful for 

the analysis of experimental data. The systematic framework implemented allows for a 

comprehensive and rigorous examination of the experimental results. By comparing the 

experimental MACS values with the corresponding calculated values, researchers gain valuable 

insights into the accuracy of the theoretical models employed in the calculation process. 

 

      In conclusion, this study demonstrates a remarkable agreement between experimental and 

calculated MACS values for a wide range of nuclei. The observed ratio very close to unity 

indicates a strong concordance between the two sets of values, validating the physics basis of    

Eq. (3-18) in describing MACS behavior across different isotopic chains. The systematic 

approach developed in this study proves to be a valuable tool for the comprehensive analysis of 

experimental data. The findings of this study contribute to our understanding of nuclear reactions, 

and have significant implications for various scientific and technological applications [90]. 
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General Conclusion 
 

 

      This research focused on studying the systematics of Maxwellian Averaged Neutron Capture 

Cross Sections (MACS) at 30 keV for various isotopic chains, including both odd-A and even-A 

nuclei with A ≫ 1. The MACS plays a crucial role in nuclear astrophysics and understanding its 

behavior is essential for accurate predictions and data analysis. 

 

      The study proposed a formula to predict MACS values for different isotopic chains at 30 keV. 

The predictions obtained from this formula were compared with experimental data, and a 

substantial level of agreement was found between most of the predictions and the corresponding 

experimental measurements. This agreement suggests that the proposed systematic law is 

valuable in analyzing experimental data and provides a useful tool for quickly estimating MACS 

values with relatively good precision. 

 

      However, the research acknowledged that the isotopic chains studied were limited by the 

available experimental data. To further validate and refine the systematic law, additional 

experimental data on MACS are needed, particularly in the region of unstable nuclei. Gathering 

more experimental data will allow for further testing of the proposed systematic law and enhance 

its applicability across a broader range of isotopic chains. 

 

      The research findings demonstrate significant accomplishments in understanding the 

systematics of MACS at 30 keV for different isotopic chains. The proposed formula shows 

favorable agreement with experimental data, indicating its potential as a reliable tool for rapidly 

estimating MACS values with reasonable precision. The research outcomes have practical 

implications in various fields such as nuclear astrophysics, where knowledge of MACS is crucial. 
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      The ability to accurately predict and describe MACS is of paramount importance in various 

applications, including nuclear energy generation, astrophysics, and medical applications. 

Understanding the behavior of MACS across different isotopic chains facilitates the development 

of more efficient and reliable nuclear energy systems. Moreover, this knowledge is crucial in the 

study of stellar nucleosynthesis processes, which are responsible for the synthesis of elements in 

stars. Additionally, in the field of medical physics, accurate MACS values are essential for 

radiation therapy treatment planning and dose calculations. 

 

      In conclusion, this research has made noteworthy progress in studying the systematics of 

MACS at 30 keV for different isotopic chains, encompassing odd-A and even-A nuclei with A ≫ 

1. The proposed formula exhibit good agreement with experimental data, suggesting their 

usefulness in analyzing experimental results and estimating MACS values. However, the limited 

experimental data for certain isotopic chains, particularly in the region of unstable nuclei, 

emphasize the need for additional experimental efforts to validate and refine the systematic law. 

Expanding the experimental database will enhance the reliability and applicability of this 

systematic approach. 

 

 

 



 

 

 

 

 Appendix 



Appendix A                                                                                                                         

 81 

 

   

Appendix A 

  

Pictures taken at INFN-LNL (Istituto Nazionale di Fisica Nucleare-Laboratori Nazionali di 

Legnaro), Padova,  Italy.                             

 

 

 

Figure A.1. Generation of the neutron spectrum through  

the 
7
Li (p, n) 

7
Be reaction. 

 



Appendix A                                                                                                                         

 82 

 

Figure A.2. Measuring of the MACS for 
197

Au(n, γ) at kT= 30 keV  

by Activation.  
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Appendix B 

 

The KADoNiS (Karlsruhe Astrophysical Database of Nucleosynthesis in Stars) is an online 

database for Maxwellian Averaged (n,γ) Cross Sections. 

 

 

Figure B.1. The main interface of KADoNiS. 

 

 

Figure B.2. Example of introducing an element (70Ge) in KADoNiS. 
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Figure B.3. The KADoNiS result interface.  
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Abstract 

 

This study presents the derivation of a formula for the calculation of Maxwellian Averaged 

neutron capture Cross Sections (MACS) at 30 keV. Utilizing this derived formula, we 

establish a linear correlation between the logarithm of MACS at 30 keV divided by A
1.4 

and 

(N-Z)
2
/A

2
 of the target nucleus. The calculated MACS values, obtained from this correlation, 

exhibit satisfactory agreement with experimental data, indicating the useful of this new 

systematic law for analyzing experimental data. Furthermore, this systematic law facilitates 

the estimation of MACS for neighboring isotopes where experimental data are limited or 

unavailable. 

 
 

Keywords: formula; neutron capture; MACS; 30 keV; experimental data; systematic law 

 

 

Résumé 

 

Cette étude présente la dérivation d'une formule pour le calcul des sections efficaces de 

capture de neutrons moyennes maxwelliennes (MACS) à 30 keV. En utilisant cette formule 

dérivée, nous établissons une corrélation linéaire entre le logarithme de MACS à 30 keV 

divisé par A
1,4 

et (N-Z)
2
/A

2
 du noyau cible. Les valeurs de MACS calculées, obtenues à partir 

de cette corrélation, présentent un accord satisfaisant avec les données expérimentales, 

indiquant l'utilité de cette nouvelle loi systématique pour l'analyse des données 

expérimentales. De plus, cette loi systématique facilite l'estimation des MACS pour les 

isotopes voisins lorsque les données expérimentales sont limitées ou indisponibles. 

 
 

Mots-clés : formule ; capture de neutrons ; MACS ; 30 keV ; données expérimentales; loi 

systématique 

 

 

 ملخص

 

 03عُذ  (MACS) حقذو هزِ انذساست اشخقاق صيغت نحساب انًقاطع انعشضيت لانخقاط انُيىحشوَاث انًخىسطت ياكسىيهيت

كيهى فىنج يقسىيًا  03عُذ  MACS كيهى إنكخشوٌ فىنج. باسخخذاو هزِ انصيغت انًشخقت، أَشأَا علاقت خطيت بيٍ نىغاسيخى

A عهى
1.4 

(N-Z) و
2
/A

2
انًحسىبت، انخي حى انحصىل عهيها يٍ هزا الاسحباط، احفاقاً  MACS نهُىاة انًسخهذفت. حظهش قيى 

عهى رنك، . علاوة نخحهيم انبياَاث انخجشيبيتهزا انقاَىٌ انًُهجي انجذيذ فائذة ياَاث انخجشيبيت، يًا يشيش إنى يشضياً يع انب

 .نهُظائش انًجاوسة حيث حكىٌ انبياَاث انخجشيبيت يحذودة أو غيش يخىفشةMACS  حقذيش  هزا انقاَىٌ انًُهجي يسهم

 
 

 إنكخشوٌ فىنج؛ بياَاث حجشيبيت؛ قاَىٌ يُهجي كيهى 03؛ MACSانخقاط انُيىحشوَاث؛  انصيغت؛ الكلمات المفتاحية:

 
 

 


