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Abstract: Stopping power, penetration depth, and transit time of lithium ions (Li + 3 ) in tissues
of human skull bone, jaw muscle and lung air cavity were studied. The density functional theory
with modified Bethe equation was used to calculate across the energy range of 0.01 to 1000
MeV. In order to back the theoretical findings, the simulation data of lithium ions concerning the
same tissues were taken via SRIM-2013 and analyzed in the MATLAB-2021. Moreover, the
average ionization potentials of the tissues under test were determined, with the help of Gaussian
09W. The results of the calculated stopping power, range, and stopping time were in good
agreement with the results of SRIM-2013 simulation.
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Introduction

The study of how charged particles lose energy and interact with matter through stopping power
has been a central topic of investigation for over a century, dating back to the early 1900s [1], the
study of stopping power and energy loss of charged particles in matter has been a dynamic and
critical area of study that has found many applications in ion implantation, fundamental and
nuclear physics, radiation damage assessment and medical radiology[2,3]. Heavy particles that are
passing through matter lose most of their energy through the ionization and excitation of atoms
[4]. Stopping power, which is the average energy loss per unit route length (-dE/dx), Many
parameters affect it, most importantly the charge and velocity of the projectile, physical and
compositional properties of the target medium. [5,6]. Initial studies resulted in the creation of an
expression of stopping power in general [6], that originates two dominant processes, the
interaction with the electrons of the atomic solution (electronic stopping) and the collision with
the nuclei of atoms (nuclear stopping). These two contributions are normally added together to
give the total stopping power [8,9]. At lower energies, though, the electronic part can frequently
be dominant, and in certain instances, we can ignore the nuclear part [7,10]. Electronic stopping
arises from several mechanisms, including momentum exchange between the ion and target
electrons, ionization and excitation of either the ion or target atoms, electron capture by the ion,
and collective effects such as polarization and plasmon excitation [9]. Precise calculation of
stopping power, energy loss, range, straggling and equivalent dose rate in air, biological tissues
and polymeric materials is of extreme significance in many scientific and application areas. These
are radiation dosimetry, radiobiology, including cell death, mutagenic effects, chromosomal
changes and DNA recombination, and applications in radiation chemistry, clinical radiotherapy,
and nuclear science [11-14]. To obtain such measurements, various experimental strategies have
been established such as direct measurements of the energy loss in thin films, backscattering of
multilayered substrates, gamma resonance shift techniques, self-supporting foil experiments, and
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indirect determinations of alpha particle stopping power in air [11-16]. Further, the energy loss,
stopping power, range, and straggling of light and medium ions (H, He, Li, C, O), and the
effective dose of these ions have been studied in depth both theoretically and experimentally, and
their dose contributions in various human organs have been systematically documented[17].

2. Theory

One of the most common equations on the estimation of average energies was suggested by Bohr
[18], and it was known as the effective projectile charge, Z2*That criterion was further developed
by W. Brandt and Yarlagadda [19,20], who explained in detail the Bohr abstraction principle. By
this principle the target is stripped off outer-shell electrons, the velocity of which is less than the
velocity uuu of the ion which is passing at it. The usefulness of this criterion is determined by
whether the projectile and the target atom are symmetrical.

Here, the effective atomic number Z2*and the effective mean excitation energy (111) of the target
electrons are dependent on the energy of the projectile. The corrections to Z2*are usually similar
to the inner-shell corrections at higher energies. But the change of the ratio of Il to Z2*does not
obey a straightforward equation depending on the coefficients of 111 which are typically assumed
independent of energy. These corrections are taken into consideration in the refined Bethe
formula, which is given as [21]
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In which the actual atomic number Z* (Z stand for Z: and Z2) may be calculated relation [22];

The effective atomic number Z* (where Z is either Z; and Z») can be obtained by use of the
appropriate relation.
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where r is distance from the nucleus, rb is determined from Bohr stripping criterion
v>bvFrb=bA32rb13 where VFr represent the velocity of the projectile’s or target atom's Thomas-
Fermi orbital, b is a constant of proportional about 1.26, and p(r) is the electronic charge density
distribution in atom. The effective mean excitation energy is given by the Lindhard and Scharff
hypothesis. I* as [23];

4

Inl* = Z f In[yhw,(r)] 72 p(r) dr (3)
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where y=2 for Z>30, and pr is the regional plasma frequency 4me2r/m12 Lindhard and Scharff
suggested a standard.; 2mv2>y#pr, Currently, the Bohr stripping criterion is the one of choice.

Energy will be lost due to an accelerating beam crossing a target. This stopping power is caused
by electron and nuclei scattering, with the electronic stopping power having the greatest influence
in practically all energy ranges. The power loss is determined by the power., or more specifically
the speed of the packet. In terms of stopping power, it is the ability to halt a specific amount of
material. The stopping power of the medium is the rate of energy lost by the particle per unit
travel length. The Bethe formula is a quantum mechanical derivation with relativistic results [21],

dE  (Z:e*\" 4nZ: p,. N, 2muv? o
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where eZ1* effective charge, m electron mass, | mean ionization energy, NA Avogadro's number,
A Mass percentage of a mass number, Z2* number atomic, m mass density, of the stopping
material. B = v/c speed of the particle relative to speed of light in vacuum.

The distance traveled by an incident particle within a target medium is known as the stopping
range (R). In proton therapy, the range is often defined as the distance from the surface of the
target to the point where the dose falls to 80% of the Bragg peak. It is possible to compute the
range of a particle in a material using the Continuous Slowing Down Approximation (CSDA) or
the Discrete Slowing Down Approximation (DSDA) [24].

0

1
R(E) =L ~ 5y 4 (5)

The stopping time is defined as the time that a charged particle takes to rest in a medium and it
may be found by use of the binary-number relation in [25] that can be stated as follows:

0 1
t(E)=L _US(E)dE (6)

where v is the ion velocity.
3. Results and discussion

The Bethe formula, combined with density functional theory, was applied to calculate the
stopping power, penetration range, and stopping time of Li* ions in skull bone, jaw muscle, and
lung air cavity tissues across an energy interval of 1072 to 10> MeV. The stopping power of each
constituent element within the studied tissues was determined using the Bethe equation (Eqg. 4),
together with the elemental weight ratios provided in Table 1.

TABLE 1: Weight ratios of elements in studied human tissues.

Tissue H C N O Na Mg P S Ca Cl K

Skfi!sggne 0.001 | 0.087 | 0.025|0.320| - |0.002|0.141|0.004|0.419| - -

Jaw
muscle 0.007 | 0.093 | 0.029 | 0.852 | 0.002 - 0.004 | 0.004 - - 0.008
tissue

Lung air
chamber | 0.007 | 0.222 | 0.052 | 0.698 | 0.003 - - 0.007 - 0.008 | 0.003
tissue

The molecular structure of the essential chemical compounds in the structures of the studied
human tissues was represented using the Gaussian 09W program and the ionization potential of
the studied human tissues was computed with a set of a few basis sets of 3-21G, 6-31G, 6-311G,
LanL2DZ, LanL2MB, and SDD, and the results of the calculation of the mean ionization potential
of the studied human tissues are provided in Table 2.

TABLE 2: lonization potential of studied human tissues by different basis sets.

Basis set | Skull bone tissue | Jaw muscle tissue | Lung air chamber tissue
3-21G 321.61 136.90 137.82
6-31G 337.13 138.66 139.60
6-311G 323.54 138.62 139.56
LanL2DZ 68.63 131.99 129.24
LanL2MB 68.15 127.65 125.01
SDD 116.97 135.97 137.79
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Figure 1 presents the calculated stopping power of skull bone tissue (a), jaw muscle tissue (b), and
lung air cavity tissue (c). In both subsections, the black curve was used to represent the findings of
the SRIM-2013 simulation and the blue curve was used to demonstrate the theoretical estimations
using the Bethe equation with the help of density functional theory. The red curve illustrates the
mathematical adjustment of the congruence between the two sets of data. For clarity, the blue and
red curves were scaled by factors of 1.1 and 1.2, respectively, in order to highlight the minor
differences, as the results are otherwise nearly identical.

The plots demonstrate that the stopping power of Li*? ions is directly proportional to their energy,
increasing with energy until reaching a maximum value. This behavior is mainly attributed to
elastic collisions between the shell electrons of the ion and those of the target material. Beyond
this point, the stopping power decreases with further energy increase, due to ionization and
excitation processes of the target electrons. The correlation coefficient between the data provided
by the SRIM-2013 and the theoretical outcomes of this research is shown in each subfigure of
Figure 1 and it is evident that the level of consistency is high and the simulation has shown great
agreement with theoretical predictions.
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Li*3 in Lung air chamber tissue
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FIGURE 1: Stopping power calculations for Li** ion in (a) Skull bone tissue, (b) Jaw muscle
tissue, and (c) Lung air chamber tissue.

The range and stopping time of Li** ions in skull bone, jaw muscle, and lung air cavity tissues
were calculated using Equations (5) and (6). The results are presented in Figures 2 and 3, with
sub-sections (a), (b), and (c) corresponding to each tissue type, and plotted using the same color
scheme as in Figure 1 for consistency. The stopping time exhibits a direct proportionality to the
ion energy, showing an approximately linear increase as the energy rises.

At the bottom of each subfigure in Figures 2 and 3, the correlation coefficients between the
SRIM-2013 simulations and the present theoretical calculations are reported. These values clearly
confirm the strong agreement between the computational results obtained from SRIM-2013 and

those derived in this study.
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FIGURE 2: Range calculations for Li*3 ion in (a) Skull bone tissue, (b) Jaw muscle tissue, and (c)
Lung air chamber tissue.
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Li*3 in Skull bone tissue
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Li*3 in Lung air chamber tissue

10" v .
. SRIM
| DFT x1.2

100 ¢ Fit x1.4

Stopping Time (nsec)

10-5 | | | |
1072 107" 100 10" 102 103

Energy of Li*® (MeV)
(c) Re = 1.0000

FIGURE 3: Stopping time calculations for Li** ion in (a) Skull bone tissue, (b) Jaw muscle
tissue, and (c) Lung air chamber tissue.

The correlation between the distribution of orbital electron charge density in the atomic
constituents of the examined tissues, expressed in units of .ea03 and the ratio of radial distance to
the Bohr radius a_0 is illustrated in Figure 4, section A. Section B illustrates how the electron
charge density distribution varies as a function of the Li* ion energy. Each distribution curve
begins at zero, corresponding to the atomic nucleus, and has many peaks that signify the centers
of the electron shells inside each atom. The cessation of the Li*® ion is minimal, but the calcium
atom has twenty electrons, resulting in a substantial electronic charge density dispersion, hence
significantly contributing to the attenuation of particles. Consequently, bone is the most resilient
tissue against penetrating charged particles.

Charge Density Distribution
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Charge Density Distribution
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FIGURE 4: Charge density distribution of elements in studied human body tissues.
4. Conclusions

The results of this study indicate that the total stopping power, which has been calculated with the
help of the Bethe equation along with the density functional theory within the energy range of
0.01-1000 MeV, increases considerably at low energies (in the range below 1 MeV). The stopping
power is further increased with an increase in energy; nevertheless, the electronic contribution
starts to decrease beyond 1 MeV. This is more of a trend that is determined by the velocity of the
projectile as opposed to the mass of the projectile. Moreover, the curves obtained after the
application of the Bethe equation to the estimation of the total stopping power in the considered
tissues showed a high level of agreement with the data of the SRIM-2013 simulation, as the
coefficient of correlation almost equals that value. Rc=0.9.

This research study established the efficiency of the Density Functional Theory (DFT) and the
relativistic Bethe equation in determining the stopping power, range, and stopping time of lithium
ion (Li **) in different tissues of the human body, which included skull bone tissue, jaw muscle
tissue, and the lung air chamber tissue. The theoretical results compared well with the
experimental data obtained via the SRIM-2013 software and proved the accuracy and reliability of
the theoretical model employed in explaining the behavior of heavy ions in biological materials.
The average ionization potential is a factor that leads to better stopping power calculations, and
the fact that the Gaussian 09W software was used in obtaining more accurate estimates of this
value helped. This paper has shown the significance of a combination of theoretical methods and
the use of high-technology software applications including MATLAB and Gaussian to understand
the interactions of particles with living tissues in more detail. This has significant medical uses
including ion based radiotherapy and accurate radiation dose determination. Additionally, the
methodology through which this research was conducted allows the expansion of the study to
other ion or tissue types and is a potent instrument towards the development of biophysical
models applied in medical and radiological computing.
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