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In quantum mechanics, the transmission coefficients (penetration coefficients) measure the probability of a microparticle passing through a potential barrier. The probability can be quantified in the following way [1,2]: 

                                                                                                                                   (1)
where: Jtrans, Jinc are the probability current densities for particles passing the barrier and incident particles, respectively.
2. ELEMENTS OF THEORY

A micro-particle whose energy is lower than the potential can overpass the barrier due to the tunnel effect. The effect is important both for fundamental research and for many everyday engineering and technical applications. With the help of the tunnel effect, alpha particles were explained for the first time and the Gamow factor was used to quantify nuclei's decay times [3,4].
Fast neutrons induce (n,) reactions on isotopes of Samarium and Neodymium that go through compound mechanisms described by a statistical nuclear reaction model in which cross sections are determined by Feshbach - Hauser relation[5]:

                                                                                                                    (2) 
where T are the transmission coefficients for incident neutrons and emergent alpha channels respectively; Wn is widths fluctuation correction factor.
The coefficients of transmission are important components of the cross-section expression, and several approaches can be used to calculate them. Transmission coefficients are commonly calculated using the Gamow factor, expressed by the integral [1]:

                                                     (3)
where the terms under the integral are nuclear, Coulomb, centrifugal potentials, respectively and E is the energy of alpha particles.
The correction factor for width fluctuations reflects the correlation between incident and emergent channels. The Bohr Hypothesis states that when compound nuclei forget how they were formed, this coefficient equals 1. The Bohr Hypothesis fails step by step as particle energy increases, and the width fluctuation correction factor slowly decreases [6]. Several methods are available for calculating the widths fluctuation correction factor, but the current work relies on the method described in [6]. 


,      (4)
In quantum mechanics, transmission coefficients can be evaluated in terms of the reflection factor [1]. According to this method, transmissions are:

                                                                                                                    (5)
where U is the reflection factor depending on E and l, the energy and orbital momentum of emitted particle.
This reflection factor has a more complicated form which includes a quantum mechanical physical variable, the logarithmic derivative Dl, along with wave functions that are solutions to the radial Schrödinger equation in different states, forms, and initial conditions. Reflection factor can be expressed in the following general form:



,,             (6)


where is the inner wave function expressed by a linear combination of ongoing and outgoing functions . Logarithmic derivative is calculated at r = R, the radius of short-range nuclear strong potential. 
There are two types of ingoing and outgoing functions for neutral particles and charged particles, respectively. As follows, their expressions are: 


,                                                            (7)
where nl, jl are Neumann and Bessel functions and Fl, Gl are the regular and irregular Coulomb functions.
Designed to solve reduced Schrödinger equations, Neumann, Bessel, and Coulomb functions take on the following forms for neutral and charged particles:


,                                          (8)

with conditions where is the reduced radius; k is the wave number and is the Coulomb factor. 
For charged particles, the solution of the second equation in (7) is more complex and has an integral form in a complex plane, whereas the solution of the first equation is relatively simple to calculate numerically. Regular and irregular Coulomb functions can be defined as follows:

                    (9)

	3. RESULTS AND DISCUSSION	
We have compiled a computer code that implements the transmissions coefficient, Hauser - Feeshbach formula, and subsequent reflection factor, inner wave function, and wave functions for neutral and charged particles calculated with no approximations according to relations (1) - (9), with separate real and imaginary parts for regular and irregular Coulomb functions (9).
This code was implemented for the following nuclear reactions, 27Al(n,)24Na, 147Sm(n,)144Nd, 143Nd(n,)140Ce and others induced by fast neutrons with emission of charged particles (protons and alphas).



Figure 1.Dependence by orbital momentum L of a) Regular and irregular Coulomb functions (Fl, Gl) b) Derivatives of regular and irregular Coulomb functions (DFl, DGl)




Figure 2. Neutron transmission coefficients in 27Al(n,)24Na, for different orbital momenta of neutrons (l = 0, 1, 2), in the following approaches a) Semi-classical b) Quantum – mechanical. 
The neutron transmission coefficients in 27Al(n,)24Na reaction (Q = 2.95 MeV) with fast neutrons are shown in Figure 2. The transmission coefficients in Figure 2.a were evaluated using a semi-classical approach based on Gamow integral (3). A quantum–mechanical formalism was used in Figure 2.b to assess transmission coefficients for the same nuclear reaction (5-9). According to the semi-classical approach (Figure 2.a), transmission coefficients for orbital momentum l=0 are equal to 1 and lower than 1 as neutron energy increases. Different methods of evaluation and the presence of centrifugal potential give rise to differences. Transmission coefficients in both cases will reach 1, but quantum mechanical transmission coefficients will increase slower than semi-classical transmission coefficients. Calculations assume that the nuclear potential is rectangular acting in a finite range R and that the Coulomb potential acts outside that range.
The alpha transmission coefficients for the same fast neutron reaction on 27Al are shown in Figure 3.



Figure 3. Alpha transmission coefficients in 27Al(n,)24Na, for different orbital momenta of alpha particles (l = 0, 2, 4), in the following approaches a) Semi-classical b) Quantum – mechanical. 
Figure 3 illustrates how centrifugal potential (caused by orbital momentum) and Coulomb potential influence behavior. Also, if in the semi-classical calculations, alpha transmission coefficients, even in the presence of orbital momentum relative fast are equal to 1, in the quantum mechanical approach, alpha transmission very slow are increasing to the maximal 1 value. Choosing the correct approach is the main challenge. Earlier author’s calculations of the time of life of alpha emitter nuclei were greatly improved by using a quantum mechanical approach.
The cross-sections of many (n,) reactions with fast neutrons were calculated using quantum mechanical considerations. The best description of the cross-sections is for 143Nd(n,)140Ce measurements at energies up to 6 MeV considering 10 discrete states of the residual nucleus 140Ce. The nuclear potentials in the incident or emergent channels are rectangular with real and imaginary parts (V = U + iW). Incident neutrons have orbital momenta l = 0.1. Nuclear reactions are described by the compound nucleus reaction mechanism.

	En [MeV]
	XSexp [mb]
	XStheor [mb]

	40.23
	0.12 0.01
	0.14

	50.16
	0.21 0.01
	0.26

	60.12
	0.31 0.03
	0.37



Table 1. Theoretical and experimental cross sections (XS) for neutron energies En = 4, 5, 6 MeV, respectively



Figure 4. Cross section of 143Nd(n,)140Ce. Neutron orbital momentum: 1 ln =0; 2 ln =1; 3 – Sum (1 + 2)

Using quantum mechanical calculations, experimental cross-sections for discrete states are well described. The increasing neutron incident energy necessitates more discrete states or the use of continuum state approximations, as the authors did in other (n,) reactions with fast neutrons [7].
	4. CONCLUSIONS
Semiclassical and quantum mechanical methods were used to evaluate transmission coefficients: Gamow factor and reflection factor. Using the quantum mechanical approach, ingoing and outgoing wave functions were calculated without approximations. Differences in transmission coefficient shape were evidenced. According to the quantum mechanical approach, transmission coefficients increase smoothly with energy and slowly approach 1.
We used transmission coefficients in processes involving fast neutrons that have energies of a few MeV. The codes were generated using Hauser-Feshbach formulas and quantum mechanical methods for calculating transmission coefficients. This was achieved by using a rectangular optical potential. An accurate description of the cross-section for a few MeV neutron energy was obtained, which can be used in research on nuclear reaction mechanisms and astrophysics.
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