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This research calculated the total cross sections for positron scattering in kidney, lung, and thyroid tissues along an energy range of
100 eV to 1 MeV. Monte Carlo methods were employed to determine both elastic and inelastic integral cross sections, utilizing the
Rutherford formula for elastic scattering and the Gryzinski excitation function for inelastic processes. A comparison was made between
elastic and Penelope elastic cross sections. The study also examined elastic, inelastic, and total mean free paths as functions of positron
energy for all three tissue types. The computational approach is designed to be broadly applicable across different materials. We
observed significant differences in cross-section profiles and in the energy dependencies of the mean free path between tissues,
attributing these variations to distinct inelastic-scattering characteristics inherent to each material. While the systematic uncertainties
in the computational algorithm are challenging to quantify precisely, we believe they are largely systematic.
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1. INTRODUCTION

A positron is defined as the electron antiparticle, having identical properties to an electron except for its positive
electrical charge [1]. The interactions between positrons and electrons with solid materials form the foundation of
numerous scientific and technological applications. Understanding these interactions is essential for diverse fields
including microscopy, materials science, and radiation damage evaluation [2]. While extensive research has focused on
electron mean free paths and cross-sections, considerably less information exists for positrons. Theoretical approaches to
modeling positron scattering in solid materials can be categorized into three simple models: basic models, Boltzmann
transport equation solutions, and Monte Carlo (MC) simulations. The MC technique is regarded as the most fundamental
approach since it tracks individual positron paths and records complete scattering event histories. Monte Carlo simulation
is a computational method with broad applications across multiple fields, including physics, biology, biophysics, nuclear
engineering, biomedical engineering, and medical imaging, etc. [3, 4].

The elastic cross section in physics quantifies the probability that two particles will scatter off each other without
any change in their internal states or the production of new particles. That is, the particles remain the same before and
after the collision, and only their directions and/or energies may change. This differs from inelastic collisions, where
particles may undergo internal transformations or give rise to additional particles [5].

Furthermore, during inelastic collisions, the target atom may be excited to a higher state above its ground level or
undergo ionization, depending on the amount of energy transferred by the incident particle. Simultaneously, the incoming
particle experiences energy loss and deflects away from its original trajectory. In positron emission tomography (PET)
modeling, it is important to consider both positron and electron total cross sections, since high-energy positrons generate
secondary electrons via ionization processes [6, 7] .

The inelastic mean free path (IMFP), which represents the mean distance a positron travels before losing energy, is
crucial to surface spectroscopy techniques such as photoemission. Additionally, it plays a key role in understanding
positron interactions with condensed matter, making it significant for radiotherapy planning and research on radiation
effects in human tissues [8]. Ashley developed a theoretical approach to determine both the stopping power (loss of energy
per unit distance) and the electrons inelastic mean free path for the range of energies up to 10 keV, based on the optical
properties of the medium. This model accounts for exchange interactions between the incoming electron and the electrons
of the medium [9].

The study by Tan et al. computed inelastic electron cross sections in DNA by applying the theory of dielectric
response and the Penn statistical approximation, with exchange corrections accounted for. To verify their model, their
calculations were evaluated by comparison to available experimental and theoretical findings, confirming the validity of
their approach [10]. In the same year, they established systematic formulas to calculate both stopping powers and mean
free paths of electron for numerous organic compounds, covering the range of energy below 10 keV [11]. Cai et al.
determined the elastic cross sections for positrons and electrons using partial wave analysis. The inelastic interactions
between positrons and valence electrons were presented by the energy loss function derived from the theory of dielectric.
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Additionally, the interactions between positrons and core electrons were represented using the excitation function of
Gryzinski [12]. In this study, we systematically calculated the cross section (¢) and mean free path (1) within the domain
of energy between 100 eV to 1 MeV for three human tissues: kidney, lung, and thyroid. The calculation of total mean free
paths (MFPs) for positrons is inversely related to the total scattering cross section. Additionally, the elastic cross section
findings were compared with the results obtained from Penelope (2012).

2. METHODOLOGY
2.1 Cross section calculation
The overall cross section consists of two primary components: elastic and inelastic collision cross sections. The
inelastic component can be further broken down into cross sections for excitation and ionization processes [10].

2.1.1  Elastic cross section
It represents scattering events where positrons interact with atomic nuclei or bound electrons without losing energy,
conserving their kinetic energy while changing direction [13]. The cross section is fundamentally a microscopic parameter
derived from quantum mechanical principles. When computing the positron scattering cross sections in human tissues,
the model of Rutherford total elastic scattering cross section a,; for atoms is employed, which can be expressed as [2]:

me*z?

Tel = Y pn(i+ pIEZ

)

In Eq. (1), E, Z and e are positron energy before collision in electron volts, atomic number of the target, and electronic
charge, respectively. S is an atomic screening parameter of the Wentzel type due to Nigam et al. and is given by [14, 15]:

5.43 z2/3
B =B @
It can be written as [16]:
6.56 X 10~ 1472
Op = (3)
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In which the value of 7w e* is equal to 6.56 X 107*, if the unit of E in eV and e in units of elementary charge ( 1/4m¢).
In each compound, an effective atomic number Z, s must be used instead of Z atomic number, therefore Z,¢¢ obtained

from the Markowicz-Van Grieken expression, which is given by [17 - 19]:
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Where w; , A; are the weight fraction given in Table (1), and atomic weight for ith element, respectively.

After each elastic collision, the scattering angle is determined using a uniform random number R, where (0 <R <1).

2.1.2 Inelastic cross section
Represents interactions where positrons lose energy to the medium surrounded by coulomb collisions through atomic
excitation and ionization mechanisms based on the classical binary-encounter theory [13]. According to Gryzinski’s
excitation function, the differential cross-section for an energy transfer from a positron with an energy E to an electron of
the kth inner shell is [20]:

= = 6'56“0_1:;;;@26‘/2)22%%3 (1- %)G‘":ﬁ) (Ef—ZB)% {g(l —Z) +2m[27 + (E;;‘Eﬁ]} (52)
The total inelastic scattering cross-section can be calculated from:
Oiner = Jy 2 dAE, (5b)
Therefore
Oinet = %}:’M% (%)3/2 x[1+2(1-2)m2z7+ W -1"?)]. (5¢)

Here, U = Ei ( Ep, and AE are mean binding energy, and energy loss, respectively). Ny is the electrons number in a
B

particular shell and is given for compounds as follow [2]:
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Ny =Xi(ms X Vi)/2:V; . (5d)

Where 7 is the electrons number in an atom particular shell of the ith species and V; is the atoms number in ith species.
Now, the total (integrated) cross sections as a function of particle energy E, can be represented as follows:

GTotal(E) = ael(E) + Uinel(E) + Oy (B) [Uan(E)] . (6)

Where 0., Oinet, Opr and a,, are elastic, inelastic, bremsstrahlung and positron annihilation cross sections respectively.
Since the final term magnitude quantities (Bremsstrahlung and annihilation terms) are very small (in the order of 107'%)
compared to others, they can be neglected in the current calculations [21].

2.2 Mean free path calculation
Mean free path is the typical distance between collisions as a positron moves through matter. Positrons, like
electrons, have both elastic and inelastic types of mean free path [22, 23]. The mean free path (1) between interactions
of the penetrating particle is expressed with [6]:

A

A= )

Ngpo'

Where Avogadro number N,= 6.02214129x10% mol”!, p is the mass density (g/cm?), and A, ¢ are the molar mass in unit
of (g/mol) and the collision cross-section in (cm?), respectively.

2.2.1 Elastic mean free path
The elastic form of mean free path (4,,;) refers to the average distance a positron travels before its direction of
motion is significantly altered by an elastic collision (no energy loss) [6, 15].
1

R = 5o ®)

NV is the number density of molecules, given by [21, 24]:
N = Nae, €)]
A
2.2.2  Inelastic mean free path
The inelastic mean free path indicates the typical distance a positron passes through before undergoing an inelastic
collision, usually through processes like atomic excitation or ionization of surrounding atoms. Whether for an electron or
a positron, this mean free path is inversely related to the total inelastic scattering cross section [25].

1

Ainet = 10
inel N Ginel ( )
For penetrating positron (interaction process), the inverse of total mean free path is [2, 21].
Aing = N Oine - 1n
Where A;,,; , 0;¢ are mean free path and cross-section of interaction, respectively.
1 1 1
2= 14 , 12
At Ael Ainel ( )
Therefore,
1 Ng p
P ‘Z (Uel + o-inel) . (13)
T

Where A, Ainer, Ar are elastic, inelastic, and total mean free path of positron. Finally, the mean free path is crucial for
understanding positron transport in materials and designing experiments using positron beams. It has many applications
like: Positron annihilation spectroscopy, material defect analysis, surface studies, and thin film characterization.

3. MONTE CARLO PROCEDURE
This arduous and challenging work relied on the Monte Carlo method of probability, where a comprehensive
program was developed in Visual Basic language based on the basic equations of interactions and enhanced the code with
Python programming language. Information about the target substance and the energy of the interacting particle was
entered as input data, considering all possible interaction probabilities at normal angles perpendicular to the target.
Normally one particle trajectory was calculated in the simulation for each compound. The positrons were followed until
they slowed down to an energy of 100 eV, depending on the incident energy this required few minutes. We relied on
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reliable sources by entering the density value of the material and the Z values for all the compound elements, in addition
to their concentrations within that compound, the atomic weight of the elements must be input. In addition to the excitation
energy for each core and valence and the number of electrons in both core and valence has been entered, in which these
values were taken from international tables. First, the beta values (8y) mentioned in Eq. (2) must be calculated, and then
the elastic cross section o,; values and mean free path elastic 1,; must be calculated from Eq. (3) and Eq. (8) for each
element in the compound. The inelastic cross section g;,,; for both core and valence are then calculated for each element
in the compound, in addition to the mean free path A;,,,; for two states of core and valence. Finally, the total mean free
path A7 is calculated by adding elastic A,; and inelastic 4;,,.; as mentioned before.

4. RESULTS AND DISCUSSIONS

The purpose of this study is to present approximate calculations of cross sections and mean free paths for three
types of human tissue: kidney, lung, and thyroid. We applied our method to these tissues as targets because they have
wide applications in the field of Nuclear Medicine. The kidney plays a crucial role in positron emission tomography (PET)
imaging and radiopharmaceutical metabolism (where (PET) is a nuclear imaging technology that allows imaging of
metabolic activities of body tissues or organs) [26, 27]. Lungs are also important in positron scattering research because
their low density affects attenuation correction and positron range, influencing PET image resolution and disease
diagnostics such as cancer and fibrosis. The thyroid gland is also significant in PET imaging and radiation dosimetry due
to its unique physiological and metabolic properties [28]. The composition of materials for each kidney, lung, and thyroid
tabulated in Table 1.

Table 1. Material composition of Kidney, Lung and Thyroid [29 - 31]

Fraction by weight
Element Kidney Lung Thyroid

H 0.103 0.103 0.104
C 0.132 0.105 0.119
N 0.03 0.031 0.024
(6] 0.724 0.748 0.745
Na 0.002 0.002 0.002
P 0.002 0.002 0.001
S 0.002 0.003 0.001
Cl 0.002 0.003 0.002
K 0.002 0.002 0.001

Ca 0.001 - -
1 - - 0.001
Densityp (g/cm?) 1.05 1.05 1.05

4.1 Scattering cross sections

These graphs show how positron interaction cross sections vary with energy in kidney, lung, and thyroid tissue from
100 eV to 1 MeV. The semi-logarithmic plots display four interaction mechanisms with cross section (cm?) on the y-axis
and positron energy on the x-axis. In all three graphs, the red dashed lines represent the calculated elastic cross section,
the blue lines show the calculated inelastic cross section, and the green lines are the total cross sections that calculated by
the Monte Carlo (MC) method (current method), which is the sum of the total elastic and total inelastic cross sections.
Moreover, the red solid line describes the Penelope elastic cross section.

Figure 1. (a) Shows positron interaction cross sections for kidney tissue, exhibiting a strong inverse relationship
with energy, decreasing rapidly from 100 eV to 1 MeV. At low energies (100-1000 eV), elastic scattering (red dashed line)
dominates with cross sections around 5x107'* cm?. At intermediate to high energies (>1000 eV), inelastic processes (blue
line) become dominant. The total cross section (green line) represents the sum of all interactions, reaching 8x107!* cm? at
100 eV. The Penelope elastic cross section (red solid line) appears smaller but shows minimal differences from the
calculated elastic cross section due to the logarithmic scale.

Figure 1. (b) shows positron interaction cross sections for lung tissue. At low energies (100-1000 eV), elastic
scattering dominates, while at higher energies (>1000 eV), inelastic processes become more significant. All cross sections
decrease with increasing positron energy, typical for charged particle interactions with matter.

Figure 1. (c) presents positron interaction cross sections for thyroid tissue. At low energies (100-1000 eV), elastic
scattering dominates with values reaching approximately (8x107'° cm?). Although inelastic cross section remains a
significant contributor. Above 10 keV, both elastic and inelastic cross sections converge toward negligible values. The
total cross section (green line) decreases by approximately four orders of magnitude across the studied energy range. This
has important implications for positron transport and dose deposition in thyroid tissue.

For all the above graphs, the comparison between the calculated elastic cross section, and the Penelope elastic cross
section shows excellent agreement at higher energies but some divergence appears at lower energies. One can observe
that, the largest uncertainties occur at low energies (<1000 eV), while at energies above (10,000 eV), both models agree
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very well. Moreover, the greatest discrepancy between models is for thyroid tissue. These differences are most likely due
to physical approximations, model assumptions, or parameterizations. And at low energies, the elastic cross section model
consistently predicts higher values than Penelope. According to clinical implications the rapid decrease in cross sections
with energy means that low-energy positrons interact much more frequently with kidney tissue, leading to higher local
energy deposition. This is crucial for: Dosimetry calculations in PET imaging, understanding positron range and
annihilation patterns [32], optimizing radiopharmaceutical design for kidney-targeted procedures.
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Figure 1. Calculated Elastic, Inelastic, and Total Cross section for (a): Kidney, (b): Lung, and (c): Thyroid organ. Compared with
Penelope 2012 Total Elastic cross section

4.2 Positron Mean free path

Figure 2. illustrates the mean free path (in cm) for positrons in kidney, lung, and thyroid tissues plotted against
positron energy (in eV). The graphs distinguish between three types of mean free path: elastic, inelastic, and total. The
(blue line) represents the elastic mean free path, (red line) shows the inelastic mean free path, and the total mean free
paths in (green line).

Figure 2. (a) The mean free path curves for kidney tissue inversely reflect the cross-section data from the previous
section, confirming the fundamental relationship in Eq. (10). The mean free path increases dramatically with energy
(roughly four orders of magnitude from 1,000 eV to 100,000 eV), explaining why low-energy positrons are effectively
contained within small tissue volumes while high-energy positrons can travel much farther before interacting. The nearly
identical elastic and inelastic curves indicate both scattering mechanisms are equally probable in kidney tissue. The total
mean free path remains below either individual component as it combines both interaction types. This data is valuable for
renal PET imaging and therapeutic applications requiring precise positron transport understanding for accurate dose
calculations and image reconstruction.

Figure 2. (b) The very short mean free paths at low energies (scale of nanometer) indicate that positrons with low-
energy interact very frequently with lung tissue, making them suitable for surface-sensitive applications. Higher-energy
positrons penetrate much deeper before interacting. We can say, at lower energies (1,000 to 10,000 eV), the elastic and
inelastic scattering have similar magnitudes. But, at energies exceeding (100,000 eV), their difference grows markedly.

Figure 2. (c) Like kidney and lung tissues, all three mean free paths in thyroid tissue increase exponentially with
energy of positron, following the same principles of general physics. The one important point is that, the thyroid data
shows consistently shorter mean free paths along all energies compared to kidney and lung. At high energies (over
100,000 eV), thyroid values reach about (8x10°° cm) in contrast to lung values of about (1.2x107° cm). This difference is
due to the higher density of thyroid compared to other tissues. Kidney, lung contain significant air spaces, making them
less dense than solid thyroid. This shortest mean free paths in thyroid tissue mean positrons interact more frequently and
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penetrate less deeply, which is crucial for thyroid imaging and the therapy planning of radioiodine. This data is important
for accurate dosimetry in thyroid cancer treatments using radioactive isotopes.

Finally, lung shows the longest mean free paths across all energies, consistent with its lower density. While, thyroid
generally shows the shortest mean free paths, reflecting its higher atomic number content (iodine). And kidney falls
between lung and thyroid in most energy ranges.
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Figure 2. Calculated Elastic, Inelastic, and Total mean free paths for (a): Kidney, (b): Lung, and (c¢): Thyroid

5. CONCLUSIONS

In this article we presented the elastic, inelastic, total scattering cross sections for (100 eV - 1 MeV) positrons in a
group of three human tissues. Also, the mean free paths of positrons are studied for the same energy ranges and human
organs by the Monte Carlo method. We noted that as positron energy increases beyond 10,000 eV, all cross sections
converge toward similar, very small values approaching zero. This convergence indicates that high-energy positrons
interact minimally with tissue, explaining their greater penetration depth and lower stopping power at elevated energies.
Conversely, material density and composition play a crucial role in determining mean free path. Higher-density materials
containing more atoms and molecules increase collision probability, consequently shortening the positron mean free path,
as we see in thyroid tissue [25]. It is observed from the mean free path equations, Egs. (8) and (10), that it is inversely
proportional to both the particle density and the interaction cross section.

In medical applications involving positron emitters in kidney imaging (such as PET scans), these cross sections
directly influence image resolution and dose distribution. Higher cross sections at lower energies suggest that low-energy
positrons interact more frequently near their emission point, potentially improving spatial resolution while increasing
local dose deposition. Although a lot of models for cross section and mean free path have been discussed extensively
before, rather less has been available for compound like human tissues like: kidney, lung, and thyroid because they have
a complex composition.
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KO MOHTE-KAPJIO JUISI PO3PAXYHKY IIPYKHOI'O TA HEITPYKHOI'O ITIEPEPI3Y PO3CISIHHSI
TA CEPEJHBOI JIOB)KWHHU BLUILHOI'O MPOBITY PO3CISIHHA MO3UTPOHIB B OPTAHAX HUPOK,
JIETEHB TA IIIUTOBUIHOI 3AJ1031
Xapap M. Juman!, Tkaman M. Pammn?

"Vuieepcumem Cynetimani, Koneooic oceimu, xagpedpa ¢izuxu, Cynetimania 46001, Pezion Kypoucman, Ipax
2Vuisepcumem Cynetimani, Koneooic npupoonuuux nayk, kageopa gisuxu, eynuys Knsacan, Cynetivanis 46001, Pezion Kypoucman, Ipax
VY mpoMy ROCIIJDKEHHI pO3paxoBaHO 3arajbHi Iepepi3u po3CiloBaHHS MO3UTPOHIB y TKAaHUHAX HUPOK, JIETEHb Ta IUTOBUIHOI 3271031
B nianas3oni eneprii Big 100 eB no 1 MeB. Metoan Monre-Kapio Oyan BUKOpUCTaHI A1 BUSHAYCHHS SIK NTPYXKHUX, TaK I HEMPY>KHUX
IHTerpaNbHUX Nepepi3iB, BUKOPUCTOBYIOUH Gopmyity Pesepdopaa mist nmpy)HOro po3citoBaHHs Ta (QyHKLI0 30yKeHHS [ pU3iHCEKOTO
JUTsL HETIPY KHUX nporeciB. Byio mpoBeaeHo NOpiBHAHHS MiX IPYKHUMHU Ta NPYKHUMU Hepepizamu [lenenonu. Y qoCiiIKeHHI TaKOXK
po3mIsAaNucs Npy)KHa, HEIPYKHA Ta MIOBHA JOBXKMHA BUTBHOTO NPOOIry sk GyHKUIT eHeprii MO3UTPOHIB AJIs BCiX TPHOX THITIB TKAHHUH.
OO0uHCTIOBANBHUN MiAXiA PO3pOOICHUI IS MIUPOKOTO 3aCTOCYBAHHS A0 Pi3HUX MarepianiB. My cocTepirany 3Ha4Hi BiJMiHHOCTI B
MPOQIIAX MONEPEYHOTO TEpepi3y Ta B SHEPreTUYHHX 3aJCKHOCTIX NOBKHWHH BUIBHOTO MpOOIry MiXK TKaHHHAMU, TOSCHIOIOUH i
Bapiamii pI3HUMH XapaKTEePHCTHKAMH HENPY)KHOTO pPO3CIIOBaHHS, BIACTUBHMH KOXXHOMY Marepiasry. Xoda CHCTEMaTHYHI
HEBH3HAYEHOCTI B OOYMCIIOBAIILHOMY AJTOPUTMi Ba)KKO TOYHO KiTBbKICHO BH3HAYHTH, MU BBa)KAEMO, IO BOHM 3HAYHOIO MIpOIO €
CHCTEMaTHYHUMH.

KurouoBi ciioBa: nonepeunuii nepepiz; nozumpon,; cepeoniil 6iibHull npobie; opean IH0OUHU, eQeKMUSHUL amoMHUL HOMeD



