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Abstract 

This paper is dedicated to study the nuclear energy loss in 

amorphous targets SiO2, LiF and Kapton for different charged 

incident particles at energy E > 0.01 keV, by using Monte Carlo 

simulations. The nuclear stopping power and mean range are 

investigated. However, the nuclear stopping power and its 

maximum increases with increasing the atomic number of 

charged particles. All results are compared with existing SRIM 

data, PSTAR and ASTAR values. Finally, using the Monte-

Carlo simulation, a determination was also made of mean range 

of ions in amorphous targets at energies from 10 to 400 keV. 

Our results were compared with experimental data.  

Keywords: Nuclear energy loss; Amorphous targets; Monte 

Carlo simulations; Charged particles; Mean range of ions. 

 

1. INTRODUCTION  

The energy loss of ions in amorphous targets has mainly been 

investigated mainly in the low, intermediate and high ion 

energy [1-5]. The binary collision approximation has long been 

used in slowing down simulations of the interactions of charged 

particles with target materials, as well as being the basis of large 

analytical theory in this area [6-8]. There is a long-standing of 

interest in stopping powers for heavy charged particles in 

matter, because such information is needed in many areas of 

basic and applied physics such as: Radiological physics and 

biomedical dosimetry [9]. Today proton and helium penetration 

of matter are already well known experimentally and are 

inventoried in the SRIM data and PSTAR/ASTAR programs 

[10,11]. The Monte Carlo simulation has many numbers of 

advantages over present analytical formulation based on 

transport theory. It allows more rigorous treatment of elastic 

scattering, explicit consideration of energy of surfaces and 

interfaces. By using this method it's easy determination of 

energy and angular distributions [12]. 

The Monte Carlo simulation thus takes into account a wide 

range of possibilities and helps us reduce uncertainty. This 

calculation method is very flexible; it allows us to vary risk 

                                                 
* Corresponding Auther : elbounagui@gmail.com  

assumptions under all parameters and thus model a range of 

possible outcomes. 

 

2. NUCLEAR STOPPING POWER  

The interactions of an ion with the matter gather a whole of the 

following process which an incident particle yields its energy 

to target. The kinetic energy communicated to these materials 

produces modifications of the target atom. It is thus the 

transferred energy which is responsible for the defects created. 

The transfers of the energy are divided on two parts: (i) the 

inelastic collisions constitute the principal mode of energy loss; 

it acted of exchange of loads between the projectile and target 

atoms, of an ionization of the target atoms or excitation of the 

electrons [13-16] and (ii) the elastic collisions result primarily 

by displacements of the target atoms and thus in crystalline 

defects in the structure [7]. The stopping power of heavy 

charged particles at low energy using the semi-thick target 

method is described in detail in the literature [17]. 

The nuclear energy losses may be associated with significant 

angular deflection dependent on ion and target mass whereas 

electronic processes exert a rather minor influence on the 

scattering angle. This mode of energy loss occurs mainly at low 

energy (figure 1). There are very few experimental results 

quantifying these energy losses; loss of nuclear energy is 

therefore often evaluated theoretically. The Coulombian 

diffusion cross section of the charged particles by the nuclei of 

the medium is calculated, as well as the energy transfer during 

this process. 

The energy loss of particles in matter is of considerable interest 

in several different branches of physics. Ion implantation is a 

widely used technique in for instance semiconductor 

fabrication and different branches of materials science.  

At very high energies (larger than several hundred MeV), the 

slowing down of all charged particles is contributed to by 

bremsstrahlung, Cherenkov radiation and nuclear reactions.  

At lower energies, the slowing down of ions is traditionally 

separated into two distinct processes: electronic and nuclear 
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slowing down or stopping power. The sum of these two 

processes is called the total stopping power  

𝑆(𝐸) = 𝑆𝑒(𝐸) + 𝑆𝑛(𝐸)                                  (1) 

With nuclear stopping one means elastic collisions between the 

ion and atoms in the sample. If one knows the form of the 

repulsive potential V (r) between two atoms, it is possible to 

calculate the nuclear stopping power Sn (E). Nowadays, the 

repulsive potential between two atoms can be obtained to great 

accuracy from quantum mechanical calculations. 

 

 

Figure 1: Ratio between nuclear and electronic stopping 

power [18] 

The interaction treatment requires taking into account the 

effective charge of the incident ion and an appropriate form of 

potential taking into account the shielding effect due to the 

electrons of the nucleus. The potential is described in the 

following form: 

𝑉(𝑟) =  
𝑧𝑍𝑒2

𝑟
𝜙 (

𝑟

𝑎
)                                       (2) 

Where the first factor corresponds to the coulombian potential 

with a charge ze for the projectile and Ze for the nucleus 

making up the medium being traversed. The  factor represents 

the screen term and a, the screening length due to electrons. 

Common expressions of the screen parameter are: 

𝑎 =  
0,8853𝑎0

(𝑧2/3 + 𝑍2/3)1/2
 

or : 

𝑎 =  
0,8853𝑎0

(𝑧1/2 + 𝑍1/2)3/2
 

with a0 the Bohr radius (a0 = 0.528Å). These formulae take into 

account the interpenetration electronic clouds of the incident 

particle and nucleus. A high energy, the calculation of energy 

loss by nuclear collision neglects the screen effect due to 

electrons [12, 19]. 

 

 

The energy transfer T to the target atom in a single collision is 

given by  

𝑇 =
4𝑀1𝑀2

(𝑀1+𝑀2)2 𝐸𝑠𝑖𝑛2 (
𝜃

2
) =  𝛾𝐸𝑠𝑖𝑛2 (

𝜃

2
)                     (3) 

Where Ml and M2 are the atomic masses of the particle and the 

target respectively, E is the incident energy. 

 

 

Figure 2: Schematic collision between ions and target  

 

The nuclear stopping power is related to the kinetic-energy 

transfer from the incoming ion to the target atoms [21]. Then 

the mean energy-loss per unit path due to elastic collisions is: 

(−
𝑑𝐸

𝑑𝑥
)

𝑛
= 𝑁 ∫ 𝑇(𝑏)𝑑𝜎 = 𝑁𝑆𝑛(𝐸)

∞

0
                             (4) 

Where N is the atomic density of the target, Sn is the nuclear 

stopping cross-section, b is the impact parameter and  is the 

scattering cross section.  

For heavy ions, the nuclear stopping power is predominant and 

the mean range can be simply obtained by the integration of the 

nuclear stopping power as: 

𝑅(𝐸) =  ∫
𝑑𝐸′

𝑁𝑆𝑛(𝐸′)

𝐸

0
                                               (5) 

 

2.1. Calculation method 

Each incident ion is characterized by its atomic number, its 

atomic mass, its energy, its direction, and its space position. 

Using Monte-Carlo simulation, we can thus follow the 

evolution of these parameters. The particle is assumed to 

change direction as a result of binary collisions and to move in 

a straight path between two consecutive collisions. The energy 

of the particle is reduced as a result of elastic collision. The 

target is considered amorphous with atoms at random locations 
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and the directional properties applicable for a crystalline 

material are ignored [7]. 

The calculation of the nuclear energy loss has been performed 

by considering elastic collisions: 

< 𝑇 > =  ∫ 𝑇(𝑏)𝑑𝜎                                            (6) 

The collision impact parameter b is determined by random 

numbers which are evenly distributed between 0 and 1, and 

then the scattering angle  in the center of mass system is 

calculated from the formalism for nuclear scattering based on 

the Moliere potential [20] 

To determine the distance dl between collisions, equations (7) 

is used: 

𝑑𝑙 =  −
1

𝑁𝜎
ln (𝜉)                                              (7) 

 is the random number uniformly distributed between 0 and 1. 

The mean range R is obtained by using this expression: 

𝑅 =  ∫ < 𝑐𝑜𝑠𝜃 > 𝑑𝑙                                       (8) 

Each path length element dl of the ion incident trajectory is 

projected on the x axis by multiplying with the corresponding 

directional cosine. 

The emission angle θ is generated according to the selected 

angular distribution using the Von Neumann mathematical 

method [22, 23]. The initial direction is specified by the 

directional cosines using the beam trajectory as the x-axis: 

𝜃 = 𝑐𝑜𝑠−1(1 − 2𝜉′)                                       (9) 

where 𝜉′ is a random number. 

The azimuthal scattering angle  is randomly sampled in the 

range [0, 2π], selected using the relation: 

𝜙 = 2𝜋𝜉′′                                                        (10) 

𝜉′′ is a random number uniformly distributed between 0 and 1; 

The maximum energy transfer, Tmax, is given by : 

𝑇𝑚𝑎𝑥 =  𝛾𝐸 

And the minimum energy transfer Tmin is : 

𝑇𝑚𝑖𝑛 =  𝛾𝐸𝑠𝑖𝑛2(
𝜃𝑚𝑖𝑛

2
) 

where min is the minimum scattering angle (in this program, 

usually min in the laboratory system is 1 degree). 

The calculations are treated by the application of computer 

simulation technique. The random number is given by using a 

subroutine to generate the number . The program simulates the 

trajectories of the incidental particle in the matter, with the 

assistance of the random procedure. Knowing the energy, 

initial direction and to follow the evolution of these parameters 

when the ion crosses the matter by using the Monte Carlo 

simulation. The particle defined by its only angle, the 

generation of the direction carried out by an equiprobable 

pulling on the angular interval [0, ].  

 

2.2. Choice of Materials 

We have used, for this theoretical calculations of nuclear 

stopping powers, different amorphous targets such SiO2, LiF 

and Kapton. The average atomic number and the average 

atomic weight based on current values of constituent of 

amorphous targets are presented in table 1. 

 

Table 1. Average atomic number ( Z ) and average atomic 

weight ( A ) of Silicon dioxide, Lithium fluoride and Kapton 

polyimide film 

Target Z  A  

Silicon dioxide (SiO2)  = 2.210 g/cm3 9.99 19.99 

Lithium fluoride (LiF) 

 = 2.635 g/cm3 
4.55 8.73 

Kapton polyimide film (C22H10O5N2) 

 = 1.420 g/cm3 
5.03 9.80 

 

3. RESULTS AND DISCUSSIONS  

The results of the calculation using the Monte Carlo simulation 

are shown in figures 3 and 4. These figures show the variation 

of the nuclear energy loss as a function of the incident particle 

energy. This study was carried out for proton and helium in 

SiO2, LiF and Kapton at energies from 0.01 keV to 10 MeV. 

Our results were found to be in excellent agreement with those 

obtained by SRIM code [24] and PSTAR/ASTAR [25, 26]. On 

the other hand, the nuclear energy loss of incident proton is low, 

this is due to the fact that the incident particle is light, and the 

impact parameter is very important, compared with helium ion 

in SiO2, LiF and Kapton amorphous targets. 

A common feature for all ions is that the nuclear stopping as a 

function of ion energy has a maximum at a relatively low 

energy, and that the nuclear stopping of the ion decreases as the 

energy of the ion increases. This means that the nuclear 

stopping is important only for low ion velocities.  
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Figure 3. Nuclear stopping power behaviour in the energy range of interest  

for protons particles in SiO2 (a), LiF (b) and Kapton (c) 
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Figure 4. Nuclear stopping power behaviour in the energy range of interest  

for helium particles in SiO2 (a), LiF (b) and Kapton (c) 

 

Figures. 5, 6 and 7 shows the behaviour of nuclear energy loss 

versus of kinetic energy for 11B, 14N and 58Ni in SiO2, LiF and 

Kapton. All curves of the nuclear stopping increase when 

increasing the incident energy until a maximum, and then 

decreases as the energy of the ion increases. The curve of 

nuclear energy loss has a maximum at 113.36 keV/µm for 11B, 

177.1 keV/µm for 14N and 1087.7 keV/µm for 58Ni in target 

SiO2, see figures. 5(a), (b) and (c), respectively. In addition, the 

figures. 6(a), (b) and (c), shows the maximum of nuclear energy 

loss in target LiF at 150.5 keV/µm, 236.2 keV/µm and  

1303.2 keV/µm for 11B, 14N and 58Ni, respectively. For target 

kapton, the curve of nuclear energy loss has a maximum at 

105.8 keV/µm for 11B, 158.1 keV/µm for 14N and 828.2 

keV/µm for 58Ni, see figures. 7(a), (b) and (c), respectively. 
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However, it is shown that when increasing the atomic number 

of each incident particle, the nuclear energy loss increases, 

whereas, this nuclear stopping increase with increasing the 

incident energy in different amorphous targets until maximum 

values. These results showed that the contribution, of atomic 

number of incident heavy ions is important on a nuclear energy 

loss. This is probably due to the fact that when the number of 

incident particles is increased, the number of interactions 

increases, which leads to an increase in the energy lost. 

Indeed, the majority of low-energy incident particle deposit 

their energy in a short distance inside of the target materials. 

On the other hand, the results obtained by our method of 

calculation are in good agreement, compared with those 

obtained by using SRIM code theoretical predictions [24]. 
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Figure 5 : Nuclear stopping power behaviour in the energy range of interest  

for 11B (a), 14N (b) and 58Ni (c) particles in SiO2 

 

 

 

 

 

0.00

200.00

400.00

600.00

800.00

1000.00

1200.00

1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04

SRIM

MCs

Energy (keV)

N
u

cl
e

ar
 s

to
p

p
in

g 
(k

e
V

/µ
m

)

Ion : Nickel
Target : SiO2

(c)

0.00

20.00

40.00

60.00

80.00

100.00

120.00

140.00

160.00

180.00

1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04

SRIM
MCs

(a)

Ion : Boron
Target : LiF

Energy (keV)

N
u

cl
e

ar
 s

to
p

p
in

g 
(k

e
v/

µ
m

)



International Journal of Engineering Research and Technology. ISSN 0974-3154, Volume 13, Number 9 (2020), pp. 2275-2287 

© International Research Publication House.  https://dx.doi.org/10.37624/IJERT/13.9.2020.2275-2287 

2283 

 

 

 

 

 

Figure 6 : Nuclear stopping power behaviour in the energy range of interest  

for 11B (a), 14N (b) and 58Ni (c) particles in LiF 
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Figure 7 : Nuclear stopping power behaviour in the energy range of interest  

for 11B (a), 14N (b) and 58Ni (c) particles in Kapton 

 

Using the Monte Carlo method, the mean range was also 

determined for Au, Bi, Br and Hg heavy ions in SiO2 

amorphous targets in the energy interval from 10 to 400 keV. 
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Energy (keV) Exp. [27] SRIM 
Other calc. 

[28] 
Present work Exp. [27] SRIM 

Other calc. 

[28] 

Present 

work 

10 --- 116  120 94 118 135 112 

15 135 143 162 141 112 144 166 123 

20 142 166 187 152 140 167 191 155 

30 200 207 234 205 185 207 238 192 

50 315 278 313 317 260 277 316 271 

70 365 341 382 374 345 339 386 351 

100 469 428 481 473 395 425 483 403 

150 --- 562 --- 581 --- 555 --- 578 

200 700 688 773 708 655 677 770 667 

250 --- 810 --- 837  794 --- 826 
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400 1230 1159 1310 1243 1150 1129 1290 1163 
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In addition, we are calculated the values of mean range of some 

heavy ions such as Au, Bi, Br and Hg in SiO2. To validate our 

results, the obtained values by our calculations program and 

those obtained experimentally and theoretically by other 

authors [27-30] are presented in table 2 and 3. Comparison with 

the previously works is performed and the result are found to 

be in close agreement. 

In the light of these results, we notice that the mean range of 

ions, in amorphous targets increases with the increasing the 

kinetic energy, whereas, at fixed kinetic energy value the mean 

range decreases with the increasing of atomic number. Our 

results, obtained by Monte Carlo simulations, were found to be 

in close agreement with experiment results [27, 29].

 

Table 3. Comparison of experimental and calculated range for ions Br and Hg in SiO2. 

    Range (Å)     

 Br Hg 

Energy 

(keV) 
Exp. [29] SRIM 

Other calc. 

[28] 
Present work Exp. [30] SRIM 

Other calc. 

[28] 

Present 

work 

10 --- 115 --- 140 --- 117 --- 143 

15 --- 149 --- 161 --- 144 --- 165 

20 --- 181 --- 192 --- 167 --- 180 

30 --- 242 --- 266 --- 208 --- 266 

50 411 356 352 423 368 279 323 375 

70 --- 468 --- 518 --- 342 --- 395 

100 668 635 627 690 497 429 482 506 

150 1028 916 900 1045 583 562 636 595 

200 1233 1202 1175 1249 754 687 773 766 

250 1542 1493 1451 1550 883 808 914 892 

300 1696 1791 1729 1708 1012 925 1050 1025 

350 1902 2096 2008 1915 1184 1040 1178 1195 

400 2055 2407 2286 2073 1269 1154 1300 1278 

 

4. CONCLUSION 

In order to study the nuclear stopping power, we carried out by 

the calculations using the Monte Carlo method on the SiO2, LiF 

and Kapton materials. However, in the range of our energies 

and materials, our results are in excellent agreement with those 

found the SRIM code, the PSTAR and ASTAR. (a very small 

discrepancies, less than 5%). 

The corresponding behaviour of the nuclear stopping of the 

amorphous targets increases when increasing the incident 

kinetic energy until a maximum value and then decreases. The 

maximum of nuclear energy loss increases with increasing the 

atomic number of incident particle. The contribution of the 

nuclear stopping power to the total stopping cross section is 

dominant only at low energy. However, its significance in the 

theory of radiation effects, such as radiation damage and the 

relation between mean range and total range, makes the study 

of nuclear collisions important. The heavy ion mean ranges in 

amorphous target SiO2, have been also calculated by using a 

Monte Carlo simulation based on the transport theory. Au, Br, 

Bi and Hg projectiles have been chosen as incident ion. 

Furthermore, it is found that the agreement between calculated 

values on mean range and the experiment is good (less than 5 

%). 
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