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Mathematical modelling of radiation defect formation processes  
in the materials irradiated with protons and alpha particles 

Abstract. Metals and alloys still remain constructional, instrumental and other materials basis. An 
important factor in their properties formation are the crystalline grid nano-defects arising, in particular, in 
case of radiation. By the ionic bombing receiving high-quality, dense metal films and coverings on 
substrates could be realized. Such materials search and development rely on clear understanding nano-
defects radiation creation mechanisms. In the work process of interaction protons and alpha particles with 
substance and radiation defects formations is considered. For calculation the cascade and probabilistic 
functions, the primary beaten-out atoms (PBOA) ranges, radiation defects concentration needs to execute 
approximating expression selection and to find approximation coefficients for interaction section. 
Interaction section for protons and alpha particles is calculated by Rutherford's formula. Analytical 
expression on cascade and probabilistic function taking into account energy losses for protons and alpha 
particles from recurrence relations for transition probabilities is received. The cascade and probabilistic 
function calculation algorithm, primary beaten-out atoms range, radiation defects concentration is given. 
Key words: Proton, alpha particle; approximation, cascade and probabilistic function, interaction section, a 
range of primary beaten-out atoms, concentration; radiation defects. 

Introduction 

When passing particles through substance quite 
difficult and diverse phenomena which have 
important theoretical and practical value for nuclear 
physics, solid body physics, other science and 
technology fields are observed. First of all, it 
belongs to physics of space beams [1-3], radiation 
physics of a solid body [4-7], and especially 
recently to radiation manufacturing techniques on 
materials with the set physical and chemical 
properties [8, 9].  

For understanding and the description the 
specified phenomena, on the one hand, it is 
necessary to know what happens to particles (both 
primary, and secondary, generated in different 
impacts). One of the main objectives in this case is 
an establishment of spatial and power and 
temporary distributions on the falling and secondary 
particles in the environment. On the other hand, at 

the moment and also after particles passing through 
substance practically all properties on the substance 
change. 

At the description these processes there is the 
choice problem on the research theoretical method. 
The most known and widely applied theoretical 
calculation methods is the Monte Carlo [10] 
method, the Boltzmann kinetic equations [11], 
Fokker-Planck's equation and various specialized 
methods and model [12]. 

Without belittling widely known numerical 
methods and models, apparently, one may say, at all 
that an undoubted advantage in comparison with 
them analytical methods possess even if with their 
help it is possible to describe any phenomenon only 
approximately. The analytical calculation method 
offered by us called cascade and probabilistic (CP) 
[13, 14] is developed by us in the course of long 
work in the field of elementary particles physics, 
physics of space beams, radiation physics of metals 
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and positron physics and also on the basis on the 
analysis and these researches generalization. Its 
correctness is checked on a large number on specific 
objectives from nuclear physics various fields and 
physics of a solid body [13-15]. The essence of this 
method consists in receiving and further usage the 
cascade and probabilistic functions. The received 
models allow to track all process in dynamics and 
further could be used in the industry for receiving 
materials with beforehand the set properties. 
Therefore researches in this direction are relevant. 

 
Main results 
 

For protons and alpha particles the 
approximating function dependence on penetration 
depth, is presented in the following form [13]: 
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where 0, a, E0, k – the approximation parameters 
calculated when comparing (1) with calculations of 
sections for Rutherford's formula.                                     

From Kolmogorov-Chapman's equations we will 
receive recurrence relations for probabilities of 
transition: 
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From a ratio (2) we will receive CPF expression 

for protons and alpha particles in the following look: 
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where h’,h – particle depths on generation and 
registration respectively, n – number of interactions, 
E0 – initial energy of primary particle, 0, a, E0, k  – 
approximation coefficients, , l=1/0ak.  

For CPF calculation for protons it is necessary 
to calculate interaction section by Rutherford's  
 

formula [16]. The sections transformed values 
calculated on this formula for protons and alpha 
particles depending on h have an appearance on the 
increasing curve. For great values of E1 of section 
slowly increase, with reduction of E1 - it is very 
sharp. Results of selection of approximations are 
presented in the figure 1. Approximating parameters 
for alpha particles in molybdenum at various values 
of initial energy are specified in table 1.  

We receive depths of observations for protons, 
using tables of run and brake abilities for easy ions 
[17]. The values of sections found on Rutherford's 
formula are approximated by expression (1). 
Coefficients 0, a, E0, k are by the smallest squares 
method, and E0 here isn't initial energy of primary 
particle, and there is an approximation coefficient. 
The theoretical correlation relations fluctuate in an 
interval 0,97  0,9999. 

  
Table 1 – Approximating parameters for alpha particles in molybdenum 

 

0  
0    0  k   

50 13801.11158 89.00812 0.05837 1.60874 0.99786

40 14208.86517 21.31636 0.17366 6.93237 0.99837

29 16103.96377 0.00684 375.16828 25333.17 0.99876

20 19288.56287 0.10035 17.66345 2158.797 0.99931
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Figure 1 – Dependence (h) for alpha particles  

in wolfram (tungsten)  
at E0: 1-20; 2-30;3-40;4-50 (MeV) (1-4) 

 
 
Using expression (3) for CPF, calculations were 

made on a formula: 
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CPF calculations results depending on 

interactions number are presented in the figure 2, 
from penetration depth in the figure 3. Calculations 
results shows that CPF for protons behave as 
follows: at values n=0,1 CPF depending on h 
decrease, with increase in n CPF increase, reaching 
a maximum and begin to decrease; at the others n 
increase. With increase of E0 the number of the 
decreasing curves increases, the curves number with 
a maximum also grows, and the increasing curves 
number decreases [15, 18]. At small E0 curves with 
increase in h already have a maximum, at small h 
curves have no maximum, at h, approaching to hmax, 
curves increase. At great values of E0 curves have a 
maximum already at small h which is displaced with 
increase in n and h to the right and then disappears. 
For alpha particles the CPF behavior is similar to 
CPF behavior for protons except that at the same E0 
values the number of the decreasing curves and 
curves with maximum increases, but the number on 
the increasing curves decreases. CPF depending on 
interactions number for protons and alpha particles 

behave as follows: at small values of depths CPF 
decrease, with increase in CPF penetration depth the 
CPF increase, reaching a maximum, then decrease. 
With increase E0 the number of the decreasing 
curves increases [20-22]. 

2 4 6 8 10 12 14 16

-16

-14

-12

-10

-8

-6

-4

-2

0

lg

 

n

1

2

3

4
5
6
7

Figure 2 – Dependence  
0

, ,
n

h h E    
for protons in copper at E0=5 MeV  

from number of interactions for h =0,001;  
0,002; 0,003; 0,004; 0,005; 0,006; 0,007 cm  

(1-7) 
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Figure 3 – Dependence  

0
, ,

n
h h E    

for protons in copper at Е0=15 MeV  
from penetration depth for n=1, 4, 7, 10, 13, 16  

(1-6) 
 

 
In the solid bodies irradiated with protons and 

alpha particles it is necessary for calculation 
radiation defects concentration in PBOA range 
W(E0,E2,h) to integrate on E2 to Eс up to E2max [14, 
15]. Then: 
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E2 – energy of primary beaten-out atom, Ec – 

threshold energy, E2max – the maximum energy 
transferred to atom, m c1

2  – energy of rest of a 
proton or alpha particle, 2

2cm – energy of rest of a 
target,  E1 – energy of a particle after losses.  

PBOA range W(E0,E2,h)  is defined by a 
formula: 
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where  n1 – maximum number of elastic collisions, 
n(h’) – cascade and probabilistic function taking 
into account losses of energy for protons and alpha 
particles later for n-number interactions at 
generation depth h’.  
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For 2 calculations on 2 on Rutherford's 

formula at z1=1 for protons, z1=2 for alpha particles, 
z2=z (z – atomic number of the considered element). 
A PBOA range in the elementary act (E1,E2,h’) at 
h’ depth  is defined as the relation of differential 

Rutherford section 
2

21 ),,(
dE

hEEd
 to integrated 

[14,15]. Calculations results are presented in the 
Figure 4.  

From results of calculations it is visible that 
concentration distributions curves defects on depth 
increase, reaching a maximum, then decrease to 
zero. With increase in initial energy on a particle 
curves are displaced to the right and defects 
concentration values decrease. With increase in 
threshold energy on the Ес concentration value 
decrease, and curves pass much below, transition 
through a maximum is carried out more smoothly.  
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Figure 4 – Dependence of radiation defects concentration 
on depth at radiation by aluminum alpha particles at 

E0=30 MeV Ес=50 KeV(1), 
 Ес=100 KeV(2), Ес=200 KeV(3) 

 
 
Conclusion 
 
Thus, mathematical models of cascade and 

probabilistic functions taking into account energy 
losses for protons and alpha particles are received. 
With usage  the received models, the  calculation 
models of  primary beaten-out atoms ranges and 
radiation defects concentration are received. The 
CPF calculation algorithm depending on 
interactions number and particles penetration depth 
is presented. Approximating expression selection is 
made for protons and alpha particles, approximation 
coefficients for various targets are found. CPF 
Calculations  depending on interactions number and 
particles penetration depth , concentration of 
radiation defects in the materials irradiated with 
protons and alpha particles are made. Results of the 
received researches can be used by experts in the 
area to radiation physics of a solid body, space 
physics. 
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