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Abstract
The report discusses processes of light nuclei stopping in a solid-state barrier.
Accounting algorithm of energy losses of light nuclei for (0 ÷ 20) MeV – range was
considered. Calculated functions of the energy losses for various materials were
presented.

1. Introduction

In this article, the authors focus on the process of bombarding the surface of a solid-
state barrier with light nuclei with energies up to 20 MeV, which are the products of
fusion reactions. According to the considerations given in [1], in order to estimate the
energy losses of nuclei in the surface layer of a solid in the region of kinetic energies
of the nuclei satisfying condition
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the formula Bethe–Bloch can be used:
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] [MeV/m], (1)

where 𝑤= 𝑇
𝐴1
– the kinetic energy per nucleon in the stopping nucleus (reduced kinetic

energy), e – the elementary charge, M – the mass of a proton, m – the mass of an
electron, A1, Z1 – the atomic masses and numbers of the stopping nuclei, A2, Z2, ρ, –
the atomic numbers and the density of a stopping substance, respectively, 𝐼(𝑍) ≅
10(𝑍 + 0, 5)-[V] – the mean ionization potential [2].

The guaranteed lower limit for the applicability of the Bethe–Bloch formula in this
case is several MeV.

The purpose of this report is to obtain accounting algorithm of energy losses of light
nuclei for (0 ÷ 20) MeV – range.
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2. Accounting Algorithm

At lower kinetic energies, one can use the empirical formula obtained on the basis of
the data from [3], which gives a good approximation to the function of the energy
losses in the energy range of (0 ÷ 5):

𝐹−(𝑤) = 10−6𝛼
𝜌𝑍2

1𝑍2𝑤0.5

𝐴2

1 + 𝛽𝑤0.5

𝑤1.275 + 𝛾 . (2)

The parameters in formula (2) for some possible elements are determined in the fol-
lowing table.

T˔˕˟˘ 1: Parameters in formula (2).

Element Be C Al Ti Fe Cu Zr

α 50.2 62.15 31.55 28.10 32.00 26.80 17.00

β 0.006 0.085 0.104 0.110 0.020 1.124 0.063

γ 0.046 0.049 0.044 0.038 0.123 0.103 0.041

For computer modeling of the processes of the nuclei stopping in a solid, it is neces-
sary to specify a continuous function of the energy losses in the entire energy range of
[0 ÷w𝑚𝑎𝑥], wherew𝑚𝑎𝑥 is themaximumvalue of reduced kinetic energy in the spectrum
of the stopping nuclei. This requires matching expressions (1) and (2). In the simplest
case, this can be done by linear interpolation using the function

̃𝐹 (𝑤) = 𝑎0 − 𝑎1𝑤, (3)

where 𝑎1 = 𝐹−(𝑤𝑐−𝛿)−𝐹+(𝑤𝑐+𝛿)
2𝛿

𝑎0 =
(𝑤𝑐 + 𝛿)𝐹−(𝑤𝑐 − 𝛿) − (𝑤𝑐 − 𝛿)𝐹+(𝑤𝑐 + 𝛿)

2𝛿 .

The value 𝑤𝑐 is determined by the intersection of the curves𝐹−(𝑤) and𝐹+(𝑤); δ –
the arbitrary parameter selected in the range of [0.1 ÷ 1] МeV. As a result of such
constructions, a continuous, sufficiently smooth function of energy losses is obtained

𝐹(𝑤) =
⎧
⎪
⎨
⎪
⎩

𝐹−(𝑤), 0 < 𝑤 < 𝑤𝑐 − 𝛿
̃𝐹 (𝑤),𝑤𝑐 − 𝛿 < 𝑤 < 𝑤𝑐 + 𝛿

𝐹+(𝑤),𝑤𝑐 + 𝛿 < 𝑤 < 𝑤max

. (4)

The degree of its smoothness can be improved by using in the proposed matching
procedure a cubic spline

̃𝐹 (𝑤) =
3

∑
𝑛=0

𝑎𝑛(𝑤 − 𝛿)𝑛
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instead of a linear function (2). Vector 𝑎 = {𝑎0, 𝑎1, 𝑎2, 𝑎3}is the solution of next linear
algebraic equation:

𝑎

‖
‖
‖
‖
‖
‖
‖‖

1 0 1 0
𝑤0 − 𝛿 1 𝑤0 + 𝛿 1
(𝑤0 − 𝛿)2 2(𝑤0 − 𝛿) (𝑤0 + 𝛿)2 2(𝑤0 + 𝛿)
(𝑤0 − 𝛿)3 3(𝑤0 − 𝛿)2 (𝑤0 + 𝛿)3 3(𝑤0 + 𝛿)3

‖
‖
‖
‖
‖
‖
‖‖

= ‖ 𝐹−(𝑤0 − 𝛿) 𝐹
′

−(𝑤0 − 𝛿) 𝐹+(𝑤0 + 𝛿) 𝐹+(𝑤0 + 𝛿) ‖ .

3. The Calculated Results

Figure 1 presents the calculated functions of the energy losses obtained on the basis
of the described algorithm for various materials.
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Figure 1: The calculated dependences of the energy losses of a nucleus moving in zirconium (the upper
curve), in titanium (the second curve from above), in carbon (the third from above), in beryllium and
lithium (the lower curve).

Figure 2 shows the characteristic calculated dependences of the kinetic energy of
the nucleus per nucleon from the depth of its penetration into a solid.

These curves were obtained by were obtained by the numerical solution of a dif-
ferential equation

𝑑𝑤
𝑑𝑥 = −𝐹(𝑤)𝐴1
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Figure 2: Three pairs of calculated dependences of the kinetic energy of the nucleus per nucleon from
the depth of penetration into carbon (upper curves in pairs) and zirconium. The pair of curves wC1(x)
and wZr1(x) corresponds to the initial energy w0 = 4MeV; the pair wC2(x), wZr2(x) to w0 = 3MeV; the pair
wC3(x), wZr3(x) to w0 = 2MeV.

with initial conditions 𝑤(0) = {4; 3; 2} MeV.

The path length of the nucleus will be the root of the equation w (x) = 0 and can be
estimated for the case in question directly from Figure 2.

4. Case of Multiply Component Barrier

The elaborated algorithm can be generalized to the case when a solid under consider-
ation represents a composition of N different elements with stoichiometry coefficients
k𝑛 normalized to 1 (∑𝑁

𝑛=1 𝑘𝑛 = 1). In this case, according to the principle of additivity,
the loss function can be represented as the sum:

𝐹(𝑤) =
𝑁

∑
𝑛=1

𝑘𝑛𝐹𝑛(𝑤),

where the partial loss functions corresponding to different stopping components are
calculated by formulas (1–3), in which the values of A2, Z2 are replaced by the corre-
sponding values for various components. Similarly, the coefficients α, β, γ should be
replaced according to their table values.

Thus, the algorithm has been developed for calculating the functions of energy
losses in solids based on the interpolation matching of the empirical formula for the
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energy losses in the low-energy region with the analytical Bethe–Bloch formula, which
accurately describes the stopping in the medium-energy region. The proposed analyt-
ical formulae make it possible to increase the accuracy and reliability of calculations
of heat at stopping the nuclei in solids, and can also be used in calculating the output
parameters of the projected neutron generators.

5. Conclusion

1. Accounting algorithm of energy losses of light nuclei for (0 ÷ 20) MeV – range was
considered.

2. Calculated functions of the energy losses for various materials were presented.
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