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ABSTRACT: This paper presents the SRIM simulation investigation of energetic particles (electrons, protons, heavy ions…) 

irradiation. Heavy Ions used are: 36Ar, 78Kr, 136Xe and 238U. The electronic and nuclear energy losses of the incident ions and 
their course in the target material of silicon was calculated. We studied the stopping power or LET (Linear Energy Transfer), it 
makes possible to evaluate the actual path and the penetration profiles of the incident ion in the silicon target. 
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1 INTRODUCTION 

Semiconductor materials used on spatial or ground applications are continuously exposed to a natural and artificial radiative 
environment, which means that they are constantly submitted to a particles flow which transmit energy to them [1]. 

This contribution of energy, by charged particles (protons, electrons and heavy ions) affects in part their stability, their 
performance and their reliability [2]. 

We will then use the simulation software “SRIM 2013” to study the ionization process and damages caused [3]. 

SRIM 2013 is a numerical simulation software used to calculate the kinetic phenomena associated with the energy losses 
of charged particles (electrons, protons and heavy ions). It is a set of programs for calculating the stop and range of ion 
penetration into the material (up to 2 GeV / amu, amu = atomic mass unity). He uses theories of quantum mechanics to describe 
the ion-atom collision. 

In this program, developed by Ziegler and Biersack [3], the material is supposed to be isotropic. The calculations are carried 
out according to a Monte-Carlo simulation, consisting of following a large number of ions individually at random from collisions. 
An incident particle has a rectilinear trajectory with losses of electronic energies, and then changes direction under the nuclear 
collisions influence. When the energy of the particle is lower than its displacement energy it stops and there is energy 
dissipation in the phonons form [4]. 

2 LINEAR ENERGY TRANSFER DETERMINATION 

2.1 CALCULATION OF STOPPING POWER AND ION FLOW 

The stopping power or LET (Linear Energy Transfer) of an ion in a target represents the energy loss (dE) of the ion in the 
target per unit length (dx). It is defined by the following relationship: [5] - [6] 
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The LET is divided into two components: the electronic LET and the nuclear LET. 

nucléaireueélectroniq LETLETLET +=
         

(2) 

We have calculated the electronic and nuclear energy losses of the incident ions and their course in the target material of 
silicon, taking into account a specific mass density of 2.33 g/cm3. The ions used are: 36Ar, 78Kr, 136Xe and 238U with different 
energy ranges in order to clearly see the irradiation effects on the target material [7]. 

2.2 ELECTRONIC ENERGY LOSS 

The Electronic energy loss corresponds to the loss of energy by ionization or by excitation during the Coulomb interaction 
of the incident ion with the electronic procession of the atoms of the target medium. 

Figure 1 below shows the profiles of electron energy loss in silicon versus irradiation energy for Argon, Krypton, Xenon and 
Uranium ions. 

 

Fig. 1. Electronic energy loss by Ar, Kr, Xe and U ions in silicon depending on irradiation energy 

The figure 1 shows that the electronic LET increases with the energy of incident particles. For example, the argon ion has a 
maximum electronic LET of about 18.65 MeV.cm2.g-1 for an energy of about 45 MeV, while the uranium ion has a maximum 
electronic LET of about 50 MeV.cm2.g-1 for an energy of about 90 MeV. This shows that heavy ions will transfer their energy 
only to silicon electrons. The electronic LET corresponds to the creation of electron-hole pairs by ionization during the Coulomb 
interaction of the incident ion with the electronic procession of atoms of the target medium. The resulting energy deposition 
can damage the target material [2] - [3]. 

2.3 NUCLEAR ENERGY LOSS 

The Nuclear energy loss corresponds to the loss of energy by displacement of the atoms in the medium during the 
interaction of the incident ion with the Coulomb field of the nucleus of the target atoms [7]. 

Figure 2 below shows the profiles of nuclear energy loss in silicon versus irradiation energy for Argon, Krypton, Xenon and 
Uranium ions. 
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Fig. 2. Loss of nuclear energy of Ar, Kr, Xe and U ions in silicon as a function of energy 

The figure 2 shows that the loss of nuclear energy is greater for ions of higher atomic number; the energy loss is very 
important for heavy particles. The figure 2 also shows that the loss of nuclear energy decreases with the incident ion energy; 
the loss of nuclear energy is less important for light particles. Thus for the same incident energy of 20 MeV for example, the 
uranium ion has a loss of 4,892 MeV.cm2.g-1 while the argon ion has a loss of 0.072 MeV.cm2.g-1. The figure also shows that 
at low energy, the loss of nuclear energy is important and then it decreases for increasing energies. This shows that light 
particles will transfer their energy only to the atomic nuclei of silicon. It corresponds to the loss of energy by displacement of 
the material atoms during the incident ion interaction with the Coulomb field of the target atoms nucleus. These direct 
transfers energy can also damage the target material. [6] - [9] 

The following Tables 1 and 2 give respectively the electronic and nuclear LETs for heavy ions Ar, Kr, Xe and U at E = 50 Mev. 

Table 1. Electronic LET values at E = 50 Mev 

particules LET (MeV.cm2.g-1) 

Krypton 2.5 

Argon 19 

Uranium 30 

Xénon 37 

Table 2. Nuclear LET values from the projection curve 

particules LET (MeV.cm2.g-1) 

Krypton 0.25 

Argon 0.3 

Uranium 3 

Xénon 1 

Indeed, the passage of an ion in the sensitive zone of a component, by creating a column of electron / hole pairs by 
ionization of the atoms of the medium, can induce a transient current which will disturb the system behavior. 

3 TOTAL PATH (OR PENETRATION) OF THE ION IN THE SILICON 

The total path is the distance traveled by the ion in the material until it is stopped, in other words, until it has given up its 
kinetic energy to the material. The stopping power makes it possible to evaluate the actual path of the incident ion in the 
material. Thus, the course of the ion along its trajectory in the target is defined by the following relation: 
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Ei: represents the initial kinetic energy of the particle when it enters the medium [10]. 

3.1 PENETRATION PROFILES OF AR, KR, XE AND U IONS IN SILICON 

The figure 3 below represents the penetration profiles as a function of the energy of the Ar, Kr, Xe and U ions in the silicon. 

 

Fig. 3. Penetration profiles as a function of the energy of the Ar, Kr, Xe and U ions in the silicon 

As shown in the figure, the distance traveled by a particle ion increases with its initial energy. At identical initial energies, 
the path decreases with the atomic number of the particle. Thus, for a given energy of 40 MeV for example, the lighter argon 
ion has a path of 12.13 µm and the heavier uranium ion has a path of 6.83 µm in the silicon. Silicon depends on particle velocity. 
Most of the energy is deposited at the end of the course. 

3.2 ELECTRONIC ENERGY LOSS PROFILES AS A FUNCTION OF THE PENETRATION OF AR, KR, XE AND U IONS INTO SILICON 

Figure 4 below materializes the plot of the electronic energy loss as a function of the penetration of the Ar, Kr, Xe and U 
ions into the silicon. 
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Fig. 4. TEL electronic energy loss as a function of the penetration of the Ar, Kr, Xe and U ions into the silicon 

As the curve illustrates, the heavy ion of uranium has a large loss and a small path (about 6.699 KeV/ (g/cm2) and 2.061 
µm). On the other hand, the light ion of argon has a small loss and a long path (about 4.215 KeV/ (g/cm2) and 8.688 µm). We 
also notice that the loss of electronic energy does not necessarily decrease with the path. Thus, we retain from these results 
that a heavy ion will deposit its energy on a small thickness of material and a light ion will deposit its energy on a greater 
material thickness. Variations in the LET of these particles along the path allow us to understand the effects of charge 
distribution and deposition. This deposition of charges through the silicon can induce a logical hazard (random, non-recurring 
and a malfunction at the end of the ion journey. 

3.3 NUCLEAR ENERGY LOSS PROFILES AS A FUNCTION OF THE PENETRATION OF AR, KR, XE AND U IONS INTO SILICON 

The plot of the curves in figure 5 below represents the loss of nuclear energy as a function of the penetration of the Ar, Kr, 
Xe and U ions into the silicon. 

 

Fig. 5. Nuclear LET energy loss as a function of the penetration of the Ar, Kr, Xe and U ions into the silicon 

It should be noted here that the figure materializing the variations of the energy loss with respect to the distance traveled 
represents the Bragg curve. We observe on these profiles a decrease in the energy loss from a maximum of deposition when 
the energy of the ions decreases. This maximum is called the Bragg peak. 
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3.4 STUDY OF ENERGY LOSS VARIATION AS A FUNCTION OF PARTICLES VELOCITY 

The following equation defines the relationship of energy loss as a function of velocity. [14] 

2

21

v

Z
nqkTEL −=

           

(4) 

The profiles of the curves in figure 6 below materialize the variations in the energy loss of the Ar, Kr, Xe and U ions as a 
function of the velocity. 

 

Fig. 6. Energy loss of Ar, Kr, Xe and U ions as a function of velocity 

In this figure we observe a decrease in the loss of energy when the speed increases. We note here that at very high speed 
the Ar, Kr, Xe and U ions will in no way transfer their energy to the silicon target. Thus, the energy loss is in the low (low) speed 
range corresponding to collisions of the ions with the electrons of the target. The decrease in energy loss is much deeper for 
particles with low charges than those with high charges. 

3.5 STUDY OF THE CROSS SECTION AS A FUNCTION OF ENERGY LOSS 

The cross section is used to measure the sensitivity of an electronic circuit to singular effects. It is determined for several 
values of LET defined as the energy loss of the incident particle in silicon devices. The cross section as a function of the energy 
loss is defined by the following relation: [11] 
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3.5.1 CROSS-SECTION PROFILES AS A FUNCTION OF THE ENERGY LOSS OF AR, KR, XE AND U IONS FOR DIFFERENT SILICON THICKNESS VALUES 

The plot of the curve profiles in figure 7 below represents the variations of the cross section as a function of the energy 
loss. 
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Fig. 7. Cross section of ions Ar, Kr, Xe et U in silicon as a function of LET for différents thickness values 

The figure shows cross section profiles versus energy loss for different thicknesses of silicon. The graphs clearly show that 
the dimensions of the thickness have a significant influence on the charge deposition in the material. The lower it is, the greater 
the section impacted during the interaction, therefore a maximum sensitive surface. This has an impact today on 
microelectronic components due to the drastic reduction (increasingly advanced integration and miniaturization integrated 
circuits) of the size (dimension) of their circuits because it affects the reliability of integrated circuits by increasing their 
sensitivity to ionizing particles. TEL is used to characterize the sensitivity of a component. 

3.5.2 LOSS OF ENERGY BY RADIATION: BREMSTAHLUNG PHENOMENON. 

When a charged particle enters the field of a nucleus with kinetic energy, it experiences acceleration or deceleration. This 
is called braking radiation or Bremstahlung radiation [12]. 

3.5.3 EVALUATION OF THE ENERGY LOSS ACCORDING TO THE INCIDENT ENERGY 

In the figure 8, we represent the profiles of the energy loss by Bremstahlung radiation as a function of the energy for 
different heavy ions: Ar, Kr, Xe and U 

 

Fig. 8. Radiation LET of Ar, Kr, Xe and U ions in silicon as a function of energy 
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In this figure we note that the loss of energy by radiation is proportional to the energy of the incident particle. It increases 
with the atomic number of the incident ion. 

3.5.4 EVALUATION OF ELECTRONIC ENERGY LOSS AS A FUNCTION OF THICKNESS 

The figure 9 below represents the variations of the electronic loss according to the thickness. 

 

Fig. 9. Electronic LET of Ar, Kr, Xe and U ions in silicon as a function of the thickness traversed 

In this figure, we observe a decrease in the energy loss following an exponential decay during the interactions of the ions 
36Ar, 78Kr, 136Xe and 238U with the atomic nuclei of silicon. This is explained by a deviation in the trajectory of the charged 
particles causing a change in the speed of the ions which then results in an electromagnetic emission called braking radiation 
or Bremstahlung. The figure also shows that for the same target material (silicon) the curves representing the energy loss of 
the different ions studied have the same profile and that the radiation loss decreases as the material is thicker. 

3.5.5 EVALUATION OF ELECTRONIC ENERGY LOSS AS A FUNCTION OF RADIATION LENGTH 

The profiles of the figure 10 below represent the variations of the electronic energy loss according to the radiation length. 

 

Fig. 10. Electronic LET of Ar, Kr, Xe and U ions in silicon as a function of radiation length 

This figure shows that the radiation length has an effect on the loss of radiative energy. This limits the deposition of charges 
at the end of the path of the ion in the material. 
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3.5.6 EVALUATION OF THE ENERGY DEPOSITED BY THE PARTICLE AS A FUNCTION OF THE THICKNESS 

The plot of the profiles in figure 11 below represents the energy deposition of the Ar, Kr, Xe and U particles as a function 
of the thickness 

 

Fig. 11. Profile of the energy deposited as a function of the thickness crossed for X0 = 9.569 cm 

The figure shows that the deposition of energy during the interactions of Ar, Kr, Xe and U ions with silicon depends on the 
thickness of the latter. Whatever the incident particle, its initial energy decreases as it penetrates the material. Thus, the 
thickness of the material contributed to the reduction of the stopping power by radiation. 

3.5.7 EVALUATION OF THE ENERGY DEPOSITED BY THE PARTICLE AS A FUNCTION OF THE LENGTH OF RADIATION 

The plot of the profiles in figure 12 below represents the energy deposition of the Ar, Kr, Xe and U particles as a function 
of the radiation length. 

 

Fig. 12. Profile of energy deposited as a function of radiation length 

The figure shows that the energy deposited during the interactions of Ar, Kr, Xe and U ions with silicon increases with the 
radiation length X0 of the material from X0 mini to X0 maxi. 
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3.5.8 ASSESSMENT OF NUCLEAR ENERGY LOSS AS A FUNCTION OF RADIATION LENGTH 

The figure 13 below represents the loss of nuclear energy as a function of the radiation length. 

 

Fig. 13. Nuclear LET of Ar, Kr, Xe and U ions in silicon as a function of radiation length 

In this figure we observe that the TEL appears from a certain value of the minimum X0 radiation length (about 4 cm) of the 
silicon material and evolves along the trajectory of the particle until the maximum X0 radiation length (9.569 cm) where it will 
stop. 

4 CONCLUSION 

The study we have just carried out has shown that the interaction of charged particles with matter leads to a loss of energy 
in a target material (silicon in our case) by collision and by radiation (Bremsstrahlung phenomenon). This study shows that 
decrease in energy loss is much deeper for particles with low charges than those with high charges, and also showed the 
influence of the microscopic parameters of silicon on the stopping power. The deposition of charges through the silicon can 
induce a transient current which will disturb the system behaviour and damage de target material. 
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