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Abstract

The present work consists of the simulation of the interaction of a beam of Kr* ions with a solid iron target by the software SRIM
(Stopping and Range of lons In Matter). Our goal is to calculate different parameters related to sputtering and ion implantation in
a target, such as the spatial distribution of implanted ions, the distributions of electronic and nuclear energy losses as a function of
penetration depth and sputtering efficiency, as well as the damage created inside the target. The sputter induced photon
spectroscopy technique was used to study the luminescence spectra of the species sputtered from Iron powder, during 5 keV Kr*
ions bombardment in vacuum better than 107 torr. The optical spectra recorded between 350 and 470 nm exhibit discrete lines
which are attributed to neutral excited atoms of Iron (Fe). The experiments are also performed under 105 torr ultra-pure oxygen
partial pressure. To ensure the maximum efficiency of molecular modification process, energy of irradiation was decided by
using of SRIM software. Based on SRIM simulation of Iron ions interaction with Krypton, the areas on which effect of high
energy ions will maximum were predicted. A comparative analysis of molecular before and after irradiation was carried out by
scanning electron microscopy. The maximum change in Krypton morphology, in the form of destruction of walls, was appeared
at a distance of about um from the start point of Fe" ions track inside the molecular. A substantiation of reason of wall degradation
in this area was proposed.
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1. Introduction

Since its inception a century ago [1-3], the stopping power
and energy dissipation of charged particles through matter has
piqued attention due to its numerous applications, including
radiology, ion implantation, nuclear physics, fundamental
particle physics, and radiation damage. Atomic excitation and
ionization are the main ways that heavy charged particles
moving through materials lose energy [4]. As the mean energy
loss per unit path length -dE/dx the stopping power is deter-

mined. Naturally, the target material is a factor as well as the
projectile's charge and velocity [5, 6]. A generic stopping
power formula [6] is obtained from early studies of the energy
loss of charged particles moving through materials. lon beams
lose energy when they collide with target nuclei (nuclear
stopping) and electrons (electronic stopping) when they pass
through matter [7]. The stopping power resulting from nuclear
and electrical interactions then adds up to the overall stopping

“Corresponding author: farjallah_mohamed@yahoo.fr (Mohamed Farjallah)

Received: 6 March 2024; Accepted: 27 March 2024; Published: 17 May 2024

@ Copyright: © The Author(s), 2024. Published by Science Publishing Group. This is an Open Access article, distributed
@ under the terms of the Creative Commons Attribution 4.0 License (http://creativecommons.org/licenses/by/4.0/), which

permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.



http://www.sciencepg.com/journal/ep
http://www.sciencepg.com/journal/290/archive/2900701
http://www.sciencepg.com/
https://orcid.org/0009-0005-9955-8956

Engineering Physics

http://www.sciencepg.com/journal/ep

power [8, 9]. Electronic stopping power is typically used to
characterize the overall energy loss at low energies [10]. It is
also possible to overlook the nuclear portion of the stopping
power [7]. The potential phenomena that could be responsible
for the electronic stopping in the velocity area that is signifi-
cantly lower than the speed of light [9].

How ions and other highly charged particles, such as alpha
particles, interact with matter will be examined in this work.
Additionally, how these interactions affect the human body,
will be demonstrated, including the skin, bones, skeleton, and
various bodily components. The relationship between energy
loss and dose simplifies the formulation of how matter inter-
acts with internal and exterior radiation to forecast the radia-
tion treatment's affectivity as well as potential harm to nearby
biological tissue. A person receiving radiation therapy is
subject to various radiation types and their interactions with
matter (body tissue) [9], energy loss, and doses to which they

may be exposed while receiving medical care or in an accident.

In numerous fields of research and application, including
radiation dosimetry, radiation biology (including cell lethality,
cytogenesis changes, mutagenesis, and DNA recombination),
radiation chemistry, radiotherapy, and nuclear physics, the
stopping power, energy loss, range, straggling, and equivalent
dose rate of ions in air, tissue, and polymers are critical [11,
12]. Indirect verification of the stopping power based on alpha
energy losses in air, self-supporting method, gamma reso-
nance shift measurements, backscattering from thick substrate
covered with deposited absorbing layers, direct energy loss
measurement through films, and other methods have all been
reported for measuring the stopping power of charged parti-
cles [2-7]. Numerous theoretical and practical investigations
concerning energy loss, range, stopping power, and straggling
of ions (H, He, Li, C, O), as well as similarities. As a result of
the above external and internal radiation interactions with
matter, the main goal is to calculate the energy loss per dis-
tance, or the stopping power and ranges that result. This will
enable assessments of energy loss and doses, which are cru-
cial for radiation therapy and the potential harm to nearby
body tissue. It is common knowledge that tissue ionization
values correlate with cell damage. Thus, this study's primary
goal is to assess the energy deposition of helium ions in the
target organ and its numerous entrance layers, which include
the skin, water, adipose tissue, muscle skeletal structure, and
bone. For these calculations, the SRIM 2008 code [11, 12]
will be utilized, as well as the Pstar, Astar, and Estar codes
[16]. The energy that ranges between 10 Kev and 10 MeV are
used, and the stopping power are computed using the Be-
the-Bloch formula as given in the theory of [13]. SRIM tables
of stopping power, linear energy transfer (LET), and projected
range (R) versus particle energy have been used in this study
using the SIRM 2008 code. These tables are very helpful for
the computation of particle transport in a variety of simulation
applications that do not directly involve an ion transport code.
The following function for fitting is utilized in order to sim-
ulate the linear energy transfer provided by SRIM tables in the

specified energy range, even though a unique independent
executable program (SRIM Module.exe) can be employed as
a subroutine for Windows applications [17].

For example, [18-20] highlight the many unique features of
nanostructures that make them very motivating. It is possible
to create nanostructures with preset sizes and forms using the
template synthesis approach [21]. For the persistence of
generating templates grounded on silicon [25], polymer films
[26], and oxide materials like Al,O3 [27], TiO, [28], and SiO,
[29], other less common techniques such as lithography [23],
anodizing [24], and ion-track technology [22] can be em-
ployed. Electrochemical deposition is commonly exploited to
fill the pores; nanowires and nanotubes are mostly designed
giving to the geometric features of the template openings.
Some potential benefits of nanotubes over nanowires include
their greater specific surface area [31] and lower specific
gravity [30]. Additionally, because magnetic nanotubes lack a
magnetic core, it is possible to produce nanostructures with
uniform switching fields [32]. By irradiating them with
high-energy ions, nanomaterials can be changed to acquire
new features. This effect permits alteration of the electrical,
optical, and magnetic characteristics in addition to the struc-
ture [33]. Both nuclear energy losses (<1 MeV/nucleon) and
electron energy losses (dE/dx) (>1 MeV/nucleon) are the two
ways that ions' energy is transported in the target material [34,
35]. Mainly, the mass, energy, and fluence of the incident ions
determine the creation of defects [36]. Contingent on the
regime, an ion beam can utilize implantation or irradiation to
change the characteristics of nanostructures in practically all
nanomaterials [37]. Notably, the free program SRIM can be
used to simulate the processes complicated in adjusting
nanostructures using ion radiation with the highest possible
efficiency. High and low energy works in number [38] the
structure, composition, and electrophysical characteristics of
the irradiated nanowires in the polymer template are discussed
in the publication on ions irradiation of nanowires. Also
observed at fluences up to 1013 cm™ is a shift in conductivity
type from metallic to semiconductor [39]. Unfortunately, the
process of irradiation can cause structural destruction of
nanoobjects in addition to changing their characteristics.
Through modeling of ions' interaction processes with target
material, it is feasible to identify locations of nanostructures
where most damage will occur. In this homework, the rela-
tionship between the SRIM-modeled required energy and the
regions where high-energy ion effects are greatest is demon-
strated using an example of irradiating Ni nanotubes with
carbon ions.

2. Theory and Computational Details

The outcomes of the study's simulations, which included
calculating stopping powers, varying moment distributions of
different ions, energy losses, and erosion rate under ion
bombardment in an iron target, will be presented in this article.
The tool of choice for doing this kind of computation was the
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SRIM software, which is available for free. Various simula-
tions (SRIM, version 2013) are run once the calculating
software is presented to ascertain the impact of the various
implantation parameters used in this investigation.

Monte-Carlo methods [40] are employed, which include
the SRIM tool, to compute damage energy distributions.

Utilizing the approximation of binary collisions and the
Monte Carlo method as its foundation, the simulations were
performed using the SRIM 2013 software (Stopping and Range
of lons in Matter). This software is a collection of Win-
dows-based tools that allow one to model both the trajectory of
recoiling atoms in a solid and the trajectory of an ion at inci-
dence energies between 10 eV and 2 GeV [41, 42]. The three
primary programs are the stopping power of ions computation
(Stopping/Range Tables) and the detailed calculation (TRIM
computation), both of which have an easy-to-use interface. In
the initial program, the manipulator will be guided to an inter-
face where it will be asked to enter two types of data: the target
(Target) and the ion (type, energy range).

This paper is organized as follow. In section 2, the used
methodology is briefly presented. The results for FeKr* are
reported and discussed in Section 3. Finally, a conclusion is
given in section 4.

3. Results and Discussion

Simulation of Stopping Powers in the Target
The stopping powers, energy losses, energy distribution

variations, and rate of erosion under ion bombardment in an
iron target are all examples of the consequences of the study's
simulations, which it will discuss in this article. the device of
choice for doing this computation was the open-source
Monte-Carlo program SRIM. Various simulations (SRIM,
version 2008) are run once the calculating software is pre-
sented in order to determine the impact of the various im-
plementation parameters of this investigation.

The many moments of the distributions produced by the
SRIM software as well as the simulation results of the sys-
tems' various stopping powers (nuclear and electronic) will be
shown in this section.

Both nuclear and electrical interactions cause the ions that
are attacking the target to slow down. As a beam of Kr* ions
cooperate with an iron target, Figure 1 illustrates how the
electronic stopping power and nuclear stopping power change
according to the input particle's energy. A distinction is seen
between the evolution of the electronic and nuclear stopping
power based on the curves provided by the SRIM software.
The nuclear slowing is larger than the electronic slowdown at
low energy (E < 100 keV), and this elastic interaction creates a
collision cascade that displaces atoms in the target. Nuclear
energy loss occurs at very low energies and grows rapidly; at
higher energies, the rate of loss decreases. Regarding the
electronic stopping power, it's in good accord with the LSS
(Lindhard, Scharff, and Schiott) hypothesis [43], which states
that it's proportional to both the incident energy and the square
root (see Figure 1).
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Figure 1. Simulation of the stopping powers (nuclear and electronic) of Kr* ions in an Fe target.
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When considering the system in the energy interval
[0-200keV], the electronic stopping power grows almost
linearly with the incident ion's energy. As a function of the
reduced parameters (¢ and p), this is reliable with the linear
progress of the decreased electronic stopping power provided
by the L. S. S theory. The nuclear stopping power for a par-
ticular ion (Kr") is shown by the curve to be essentially con-
stant throughout the energy interval under consideration. It is
remarkable that this nuclear stopping power rises with inci-
dent ion mass.

The next results will be devoted to ions with low velocities
up to 200 keV. To provide more detail on the stopping power
design, a comparison of the various corrections employed in
SRIM is first presented. Next, a tabulation of the ions' pro-
jected and straggling ranges at the three energies mentioned
above is done. The diverse angle yields for ion energies of 0
keV, 50 keV, and 200 keV will then be investigated using the
TRIM results. Ultimately, the same simulation is run to in-
spect the conveyed ions' energy spectrum at various angles of
leaving and target widths of iron.

The various moments of the distributions produced by the
SRIM software as well as the simulation results of the sys-
tems' various stopping powers (nuclear and electronic) will be
shown in this section. The system (Kr) in an iron (Fe) target
with an energy between [5 and 200 keV] is shown in Table 1
that was produced by SRIM. In order to investigate how
energy affects the stopping powers and moments of the ion
distributions (Kr) on the Iron (Fe) target, the ions' energy are
changed within the range of [50 to 200 keV]. Regarding the
five systems, an approximately linear increase is seen in the
electronic stopping power with incident ion energy within the
energy interval [50-200keV]. The L.S.S theory's reduced
electronic stopping power, evaluated as a function of the
reduced parameters, shows a linear progression that aligns
with this value.

This indicates that mass and energy have a linear effect on
moments. The curves that show the variations of the moments
Rp, ARy, and g, of the incident ion distributions Kr in Iron in
the energy interval [50 to 200 keV] follow the same trend, i.e.,
a practically linear evolution.

Table 1. Groups the results of the Kr system in Fe.

The energy of the Kr Electronic stopping

ion (keV) power (eV/A) (eVIA)

50,00 3,451 3,106E"%
100,00 4,881E" 3,236E1%?
150,00 5,977E% 3,198E%2
200,00 4,702 3,115E7%

All other implantation parameters are fixed in order to in-
vestigate how the angle of incidence of the ion beam affected
the rate of erosion in an Iron Fe target. The Kr ion was se-

Nuclear stopping power

Longitudinal deviation \Lateral deviation op (A)

ARp (A)

62 45
101 73
137 99
174 124

lected for this, its energy set at 5 keV, the target depth set at
300 A°, and the angle of incidence (8) varied from 0 to 90°
(see to table 2).

Table 2. Values of the erosion rate as a function of the angle of incidence (0) for the Kr system at 5 keV in Fe.

0 0° 10° 20°
Erosion rate 1,25 1,27 1,69
0 60° 70° 80°
Erosion rate 8,83 14,1 18,87

The moments of the ion distributions (Kr) in the Fe target
within the energy range of [0 to 200 keV] are gathered in

30° 40° 50°
2,46 3.69 5,66
83< 85° 90°
18,33 16;96 10,11

Figure 2. The curves that display the changes in the moments
of the incident Kr ion distributions in iron throughout the
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energy range of 0 to 200 keV exhibit a nearly linear evolution,
which is consistent with the trend. The ion's mass variation
also exhibits a linear evolution, indicating the linear influence
of both mass and energy on the moments.

In the energy interval [0 to 200 keV], curves 2 and 3 that
represent the fluctuations in the moments of the distributions of
the incident Kr+ ions in iron follow a nearly linear evolution;
the evolution of the ion's mass remains consistent. this observes
the moments' linear relationship with energy and mass.

For the default density at STP and the lowest density that
can be reached through SRIM before it rounds down to zero,
the straggling and range have been summarized in figures 2
and 3 in order to verify the proportionality of density with the
projected ranges of ions in matter. With a target depth of 2 cm,
TRIM was used to collect all values for Fe ions in Kr. As
energy levels drop, range generally does as well.
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Figure 2. The evolution of the projected range of ions (Kr) in an Fe
target as a function of energy in the interval [0 to 200 keV].

Generally speaking, the depth scale at each ion energy and
other uncertainties associated with the ToF-SIMS characteri-
sation could be impacted by surface roughness and chemical
compositions [43, 44]. A large sample depth of each resist
data by Kr+ cluster in the TS test may induce smearing of the
depth scale. As a result, the signal intensities of nearby sample
depths overlap. Therefore, in order to look at the absolute
values of the characteristic depths for various ion energies,
more depth calibration is required. Program SRIM (The
Stopping and Ranges of lons in Matter) [45] was used to
simulate the ion range as a function of ion energy, as illus-
trated in Figure 4, in order to compare the ion ranges of the
Kr+ ions in the surface layer of the resist for different ion
energies. Keep in mind that the simulation, which displays a

resist result akin to the one obtained, utilizes the PMMA
values stored in the SRIM program. The Kr* jon range at ion
energy in eV is displayed in Figure 4 for the resist surface
layer. In terms of unit volume (ions/cm®) and unit implanta-
tion dosage (ions/cm?), it corresponds to a typical depth
profile of the concentration of Kr+ ions in resist. Before
decreasing with goal dep, the concentration of Kr+ ions first
rises to its maximum.
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Figure 3. The longitudinal evolution of ions (Kr) in an Fe target as a
function of energy in the interval [0 to 200 keV].
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Figure 4. Depth profile of the concentration of Kr* ions at an ion
energy.

As a function of Fe target depth, Figure 5 displays the energy
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losses in eV/A”. displacement energy. As a result, the target
atom vibrates and recoils, running out of energy to bounce off
its location. The energy is finally released as phonons. The
phonons of the recoiling target atoms are the main source of
energy loss to the ions, as indicated by the red line at the bottom
of the plot. The phonons of the recoiling atoms (Fe) are shown
by the Gaussian, and the red line represents the energy loss to
the phonons of the Kr* ions. A flattened distribution peak near
the surface is observed in simulations of the Krypton and Iron
systems. The aforementioned suggests that the target's surface
is where nuclear collisions lose energy.

The energy loss due to ionization is shown as a function of
target depth in Figure 6. There are two different diagrams: one

shows the energy loss of the recoiling target atoms and the
other shows the electron energy loss of the incident ions. As can
be seen in Figure 5, which displays the energy loss percentage,
the incident ions lose relatively little energy (5.52%) to the
target electrons, however the recoiling atoms deposit 17.62% of
their energy, for a total energy loss of 23.14%. The projectile
Kr+ ions transfer less energy than recoil atoms, according to the
simulation results of the projectile ionization phenomena inside
the Fe target. Kr has an overall ionization energy of 28 eV/A"
in the system under study. The lightest ion loses more energy in
electronic form when the focus is on an iron target with incident
energy set at 200 keV.

TIONS

PHONONS
RECOILS

Energy Loea (eV/ Angetrom)

- larget De

Figure 5. The energy distribution of the phonons of the recoil atoms for different types of incident ions in Fe for an incident energy of 100 eV/A4".

IONIZATION

Energy Loss (eV/ Angstrom)

oA

- Target Depth -

0

200A

Figure 6. The distribution of the ionization energy of incident ions (in red) and recoil atoms (in blue) for an incident energy of 28 eV/4° in Fe.
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Replacement Collisions

Total Displacements = 135 / Ion
Total Vacancies = 126 / Ion
Replacement Collisions = 9/ Ion
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T
=
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Press PAUSE TRIM to speed plots. Rotate plot with Mouse.

Ion = Kr (5, keV)

Figure 7. Damage caused by collisions.

The damage caused by collisions is displayed in Figure 7.
Target movement as a whole is displayed by the upper curve.
That is, the quantity of atoms extracted from their original
location within the target. The empty spaces within the Fe
target are depicted in the bottom curve that follows. This
indicates that there are fewer unoccupied sites than dis-
placements because the value is less than the intended dis-
placement curve.

Crash replacements are represented by the lowest curve.
When an incident atom loses nearly all of its energy during a
displacement, it is unable to continue and falls into the space
left by the retreating target atom. l.e., a target atom is taken
out and reinserted into the lattice. Observing that the higher
displacement curve is equal to the sum of the two lower
curves is feasible. Thus: 134/ions of movements = 126/ions of
vacancies + 9/ions of replacement collisions.

4. Conclusion

For the persistence of studying some fundamental thoughts
of collision physics, the SRIM 2013 software in this episode is
published. At the instant, experts in the field of ion implanta-
tion and sputtering operate it the most. This work shams some
of the harm that can transpire when a solid iron target is struck
by a 5 keV Kr* ion, including atom dislocation and the crea-
tion of hollow sites. Edgewise with learning the sputtering
phenomenon, nuclear and electronic energy losses are also
evaluated. A few phenomena that arise through ion-matter

interaction have been clarified by these few research and
simulations.

The primary objective of this research is to calculate the
energy deposition of helium ions in target organs and different
entry layers, including as skin, water, soft tissue, muscular
skeletal, and bone. The findings lead us to the following
conclusions: Energy that fluctuates between 5 and 200 KeV is
employed, operating the SRIM 2008 code, the program
working for the computation,

Each energy beam's stopping power are calculated.

1) Z, and Z/A are comparable to the total stopping power.

2) The total (dE/dX) rises quickly at low energies, reaches

a maximum, and then progressively reductions as en-
ergy increases.

3) The range of the heavy particles in the absorber material

is may determined by using the stopping power.

The energy loss of acknowledged high energy particles is
minimal (dE/dx) due to the unique energy dependence of the
energy loss (or stopping power curve). Nevertheless, the
energy loss increases when the particles slow down to ener-
gies that line up with the energy loss curve's peak. The largest
energy loss happens at smaller depths for high commence-
ment energies, and this reduces progressively as the absorp-
tion coefficient goes down towards lower energies. The range
can be approximated, as body tissue is usually low Z material.
The data from the SRIM code currently available agrees quite
well with my fitting curves for the stopping power and range
of alpha particles in water.
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Kr: Krypton
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