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Bu c¢alisma, gama i1smm1 zirthlama performansinin farkli enerji bolgelerinde daha anlagilir
yorumlanabilmesi i¢in, diisiik-Z’den yiiksek-Z’ye uzanan temsili malzemeler i¢in foton etkilesim
tesir kesitlerinin sistematik ve karsilagtirmali bir analizini sunmaktadir. XCOM gibi veri
tabanlarinda kapsamli tesir kesiti verileri bulunmasina ragmen, mevcut ¢alismalarin ¢ogu tekil
malzemelere veya tablosal verilere odaklanmakta ve genis enerji araliklarinda foton etkilesim
mekanizmalarinin géreli baskinligina sinirli bilgi sunmaktadir. Bu ¢aligmada, fotoelektrik sogurma,
Compton sagilmasi ve ¢ift olusumu dahil toplam ve kismi zayiflatma Kkatsayilari, secilen
malzemeler (B, Al, Si, Cu, W, Pb, su ve hava) i¢in 1 keV-20 MeV araliginda XCOM veri
tabanindan elde edilmistir. Bu malzemeler, niikleer, tibbi, havacilik ve endiistriyel uygulamalarda
yaygin kullanilan zirhlama ve yapisal malzemeleri temsil etmektedir. Farkli etkilesim
mekanizmalarmin goéreli katkilarini karsilastirmak i¢in baskinlik temelli bir gorsellestirme
yaklagimi gelistirilmistir. Sonuglar, foton enerjisi ve atom numarasina bagl sistematik gegcisler
oldugunu gostermektedir. Bu yaklasim, foton-madde etkilesimlerinin daha iyi anlagilmasini
saglamakta ve Ozellikle ¢ok katmanli veya kompozit zirhlama sistemlerinde malzeme se¢imini
desteklemektedir.

Anahtar Kelimeler: Gama 1sm1 zayiflatma, Zirhlama baskinlik gérsellestirmesi, XCOM veritabani,
Fotoelektrik etki, Compton sagilmasi, Cift olusumu, Radyasyon zirhlamasu.
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This study presents a systematic and comparative analysis of photon interaction cross-sections for
representative materials spanning low-Z to high-Z regimes to improve the interpretability of
gamma-ray shielding performance across different energy domains. Although extensive cross-
sectional data are available in databases such as XCOM, most studies focus on individual materials
or tabulated values and provide limited insight into the relative dominance of photon interaction
mechanisms over wide energy ranges. In this work, total and partial attenuation coefficients,
including photoelectric absorption, Compton scattering, and pair production, were obtained from
the XCOM database for selected materials (B, Al, Si, Cu, W, Pb, water, and air) over 1 keV-20
MeV. These materials represent commonly used shielding and structural materials in nuclear,
medical, aerospace, and industrial applications. A dominance-based visualization approach was
developed to compare the relative contributions of photon interaction mechanisms. The results
reveal systematic transitions between interaction regimes with photon energy and atomic number
and support preliminary material selection for multilayer or composite gamma-ray shielding
systems.

Keywords: Gamma-ray attenuation, Shielding dominance visualization, XCOM database, Photoelectric
effect, Compton scattering, Pair production, Radiation shielding.
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1. INTRODUCTION

Gamma radiation, one of the most penetrating forms of ionizing radiation, poses significant risks in nuclear
power, medical imaging, aerospace, and industrial applications. Effective shielding is essential for
protecting personnel and equipment and for complying with safety regulations from organizations such as
ICRP [1], TAEA [2], and NRC [3]. Its applications include nuclear reactors, radiotherapy, diagnostic
imaging, spacecraft, and industrial radiography. For example, Co-60 therapy and PET/SPECT imaging
require proper shielding for both operators and patients. Space missions face gamma-ray hazards from
cosmic rays, necessitating lightweight shielding materials such as water and polyethylene. In industry,
gamma rays are used in non-destructive testing and food sterilization, while homeland security relies on
shielding to detect and contain radiological threats. These challenges have driven innovations in shielding
materials, including composites, nanomaterials, and metamaterials.

Previous studies on gamma-ray shielding can be broadly classified into three main categories. The first
group focuses on experimental investigations, where attenuation coefficients and shielding parameters are
measured for specific materials and configurations [4-8]. The second group involves theoretical and
database-driven approaches, relying on tabulated photon interaction data and cross-sectional calculations,
with foundational contributions. [9-29]. The third group includes simulation-based studies, often employing
Monte Carlo techniques to model radiation transport and optimize shielding configurations [30-33]. While
these approaches have significantly advanced the field, they are typically limited to material-specific
analyses or case-dependent evaluations, rather than providing a unified comparative perspective.

Despite the availability of extensive photon interaction data, existing tables and datasets remain incomplete
in practical terms, covering only a subset of elements and a limited range of compounds and mixtures [9,10,
25, 34]. Printed or tabulated data cannot fully accommodate the continuous variation of photon energy and
often require interpolation, particularly near absorption edges, where discontinuities complicate accurate
interpretation [35]. More importantly, most studies rely on absolute attenuation coefficients or isolated
material comparisons, offering limited insight into the relative dominance of photon interaction
mechanisms across different materials and energy ranges.

From an application perspective, this creates a practical challenge. Engineers and researchers must often
select shielding materials for environments with varying radiation spectra, yet the available data does not
provide an intuitive and comparative framework to identify which materials are most effective within
specific energy regimes. This limitation becomes more pronounced in the design of multilayer or composite
shielding systems, where different materials are expected to address different interaction mechanisms.

To address data accessibility and consistency, the XCOM web tool [36-39] provides a widely accepted
platform for generating total and partial photon attenuation coefficients—including photoelectric
absorption, coherent and incoherent scattering, and pair production—for elements (Z = 1-92) and selected
compounds over a broad energy range from 1 keV to 100 GeV. For compounds, atomic weight fractions
are derived from chemical composition, while for mixtures, user-defined weight fractions are applied. This
database has become a standard reference in photon interaction studies due to its reliability and
completeness.

In this context, the present study does not aim to reproduce existing cross-sectional data, but to
systematically compile, normalize, and comparatively analyze photon interaction behaviors across a
representative set of widely used materials spanning low-Z to high-Z regimes. The selected materials (B,
Al Si, Cu, W, Pb, water, and air) are not arbitrary; they reflect commonly used shielding materials, enabling
physically meaningful comparisons across practical applications.

The effectiveness of gamma-ray shielding is governed by atomic number (Z), atomic weight (A), density
(p), and photon energy (Ey) [40]. High-Z, high-density materials such as lead (Pb, Z =82, 11.35 g/cm?) and
tungsten (W, Z = 74, 19.3 g/cm?) exhibit strong attenuation due to enhanced photoelectric absorption and
pair production [45-48]. Medium- and low-Z materials, including aluminum (Al, Z = 13, 2.70 g/cm?3) [41,
42] and silicon (Si, Z = 14, 2.33 g/cm?) [43, 44], provide structural advantages and contribute to the
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moderation of secondary radiation. In addition, hydrogen-rich and neutron-interacting materials such as
boron (B, Z = 5, 2.37 g/cm?) [45, 46], water [47, 48], and air [49, 50] play an important role in mixed
radiation environments, particularly in nuclear facilities and space applications.

By introducing dominance-based visualization, this study reveals that the variation of photon interaction
mechanisms is not random but follows systematic and predictable trends governed by atomic number and
photon energy. These trends are often difficult to recognize when materials are examined individually.

The main contribution of this work is therefore the development of a comparative and visually interpretable
framework that highlights the relative dominance of photoelectric absorption, Compton scattering, and pair
production over the energy range of 1 keV to 20 MeV. This energy range is not arbitrarily selected; rather,
it is deliberately chosen to represent a broad spectrum spanning from medical applications to high-energy
nuclear physics, including energies accessible in typical laboratory-scale experimental setups. This
approach facilitates a clearer understanding of energy-dependent behavior and supports the preliminary
evaluation and selection of materials for gamma-ray shielding applications.

2. MATERIALS AND METHODS

2.1 Selection of Shielding Materials

The materials chosen for the gamma-ray attenuation analysis were boron (B), aluminum (Al), silicon (Si),
copper (Cu), tungsten (W), lead (Pb), water, and air. These materials represent a range of atomic numbers
(2), densities, and physical states, allowing for a comprehensive evaluation of their attenuation capabilities.
The selected materials were intentionally chosen to represent practical and widely used shielding materials
across different application domains (nuclear, medical, aerospace, and industrial). Thus, this selection is
not arbitrary but designed to span a broad range of atomic numbers and densities, allowing the identification
of systematic trends in photon interaction dominance.

2.2 Attenuation Mechanisms and Cross-Sections

This study focuses on the following primary gamma-ray interaction mechanisms: incoherent (Compton)
scattering, coherent (Rayleigh) scattering, photoelectric absorption, and pair production. The respective
cross sections (u) for each process were analyzed for all selected materials. A coherent (Rayleigh) scattering
cross-section occurs when gamma rays are scattered elastically by bound electrons in a medium. However,
incoherent (Compton) scattering cross-sections occur where inelastic scattering occurs due to interactions
with free or loosely bound electrons. On the absorption side, the photoelectric absorption cross section
plays an important role in the complete absorption of gamma-ray photons, leading to electron emission. In
comparison, the pair production cross section has a threshold energy of 1.022 MeV in both the nuclear and
electron fields. The absorption part is somewhat questionable for pair production, because only energy E, —
1.022 MeV is transferred to the electron-positron pair. The remaining energy, 1.022 MeV, was obtained
from two annihilation photons. Therefore, the medium does not deposit energy from these two annihilation
photons if they escape. The energy provided by photons to electrons and positrons is usually considered to
be absorbed in the medium during interaction. Charged particles, such as electrons in solid materials, such
as tissues, play a crucial role in this assumption. However, Compton-scattered photons, X-rays, and
annihilation photons can escape from the medium. All these factors affect the fraction of heat generated in
shielding materials and the gamma radiation dose to humans because of gamma-ray absorption. The
gamma-ray absorption coefficient helps calculate the deposited energy.

The total attenuation cross section, which is the sum of all interaction cross sections, considers both
scattering and absorption. The total triplet production and photonuclear reaction cross-sections allocate a
minor ratio; therefore, the XCOM database disregards them in their results. However, Ueripiet production
Mphoto nuctear cOuld be added for more complex analyses in the future, depending on experimental needs.
The relevant equation for this sum is as follows:
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Utotat = Hincoherent Compton + Hconerent Rayleigh + uphotoelectric + upair production (1)

The relative dominance indicates a comparative study of the prevailing attenuation mechanism for each
material across various energy levels. To show the relative contributions for each element and mixture, the
total cross-section for each interaction was calculated at each gamma-ray energy and then converted to a
dominance percentage using the stacked bar approach instead of heat map visualization. The same method
can be used if a specific combination of compounds or mixtures is required. Thus, either the scattering or
absorption rate can be estimated experimentally in a particular case.

The cross-sections for the photoelectric effect, Compton scattering, and pair production can be estimated
using semi-empirical relationships based on atomic number Z, photon energy E,, and density p, as
described by Tsoulfanidis and Landsberger [41]. The attenuation coefficients are expressed as follows:

) = a(*2) (5) 11 - 0@)) @
o(m™) = p=A Zf (E,)~p 2 f (Ey) (3)
Km™Y) =p %AZZ f(E,Z) (4)
where:

e 1, 0, K are the linear attenuation coefficients (in m™) for photoelectric absorption, Compton
scattering, and pair production, respectively,

e aisa constant independent of Z and E,,,

e N, is Avogadro’s number (6.022 x 10% mol ™),

e p is the material density (kg/m?),

e A is the atomic mass (g/mol),

o f(E)), f(E,, Z) are energy-dependent functions (Compton and pair production),
e O (Z)is asmall correction term,

e nand m are the empirically determined exponents.

To compare the materials, the following scaling relationships can be applied:

Z>

Tp(m™) =1, 2 D" )
™) = 0 2 H(F (6)
Ko(m™) = Ky 22 (G ()2 (7

Finally, the mass attenuation coefficient was obtained by dividing the linear coefficient by material density.

m?\ _ um™)
H (kg) " p(kg/m3) (8)
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These semi-empirical relations, drawn from Tsoulfanidis and Landsberger [41], provide a foundational
understanding of the photon interaction behavior and scaling in different media.

2.3  Data Collection and Computational Analysis

Data for the interaction cross sections and attenuation coefficients were sourced from the NIST XCOM
database. The attenuation coefficients of each material were plotted across different photon energy levels
to visualize and compare their gamma-ray attenuation capabilities.

2.4 Comparison and Evaluation

A comparative analysis was conducted based on the following parameters: variation in each cross-section
with photon energy, effectiveness of each material in attenuating gamma rays at different energies, and
suitability of each material for gamma shielding applications. It is important to emphasize that the purpose
of these plots is not to reproduce XCOM data itself, but to enable cross-material comparison and reveal
systematic trends in interaction dominance across different energy regimes.

2.5 Graphical and Statistical Representation

The results are presented using graphs that illustrate the energy-dependent cross-sections for each material,
alongside bar charts that compare the relative attenuation capabilities across all selected materials. Absolute
cross-section values were obtained from the NIST XCOM database, and the relative contributions of each
material were calculated by normalizing their cross-sections to the total at each photon energy. No
interpolation was applied in this study; all analyses were performed using the discrete energy points directly
obtained from the XCOM database. This approach preserves the intrinsic structure of the tabulated data and
avoids potential inaccuracies associated with interpolation, particularly near absorption edges where
discontinuities are physically meaningful. Since the dataset is deterministic and derived from evaluated
theoretical calculations, statistical uncertainty analysis was not applicable. The analysis focuses on
identifying relative trends and dominance behavior as a function of photon energy, rather than statistical
variability. Data processing and visualization were performed in Excel, enabling systematic identification
of dominant interaction mechanisms and trends across the energy spectrum. This methodology provides a
clear and quantitative understanding of gamma-ray attenuation behavior, facilitating the selection of
optimal shielding materials for various radiation protection applications.

3. RESULTS and DISCUSSIONS

80 [ Pair production

is predominant

Photoelectric
effect is
z L predominant

60 -

Compton effect
is predominant

1 10 100

Figure 1. Relative Importance of Three Major Gamma Interactions [41]

Figure 1 shows the dominant interaction mechanisms for gamma-ray attenuation as a function of the photon
energy (hv in MeV) and atomic number (Z) of the absorber. The key observations for the low-, medium-,
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and high-energy regions are as follows: Low energy region below ~0.5 MeV, the photoelectric effect is the
dominant interaction mechanism. This effect is highly dependent on Z (¢ « Z*-Z°), meaning high-Z
materials (like Pb, W, and Cu) are very effective at low energies. Regarding shielding, Lead (Pb) and
Tungsten (W) are excellent gamma-ray shields in this range because of their high Z. For the intermediate
energy region in the range of 0.5 to ~5 MeV, Compton scattering dominates, and attenuation becomes less
dependent on Z. Here, material density becomes more critical than atomic number. For shielding insights,
medium-Z materials such as Cu, Si, and Al can be effective; however, high-density materials (such as W
and PD) are still preferable. Finally, in the high-energy region, where the photon energies are greater than
~5 MeV, pair production is the main interaction process. This effect is strongly dependent on Z and favors
high-Z materials. Very high-Z materials such as W and Pb are the best choices for shielding high-energy
gamma rays.
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Figure 2. Incoherent Scattering Cross-Sections of Selected Elements and Materials (B, Al, Si, Cu, W, Pb,
water, and air) as a Function of Gamma Ray Energy

Figure 2 presents the incoherent (Compton) scattering cross-sections in units of cm?/g as a function of
gamma ray energy (MeV) for various shielding materials, including B, Al, Si, Cu, W, Pb, water, and air. In
terms of peak cross sections at low to intermediate energies (~0.01-1 MeV), the incoherent scattering cross
section increases with energy at low energies, reaches a peak, and then gradually decreases at higher
energies.

This behavior was expected because Compton scattering is the dominant interaction mechanism in the mid-
energy range (~0.1-10 MeV). The data points for different materials closely overlap, meaning that when
normalized per gram, the incoherent scattering behavior is similar across materials. This is because
Compton scattering is dependent on electron density, which is relatively constant per unit mass for most
materials. It’s also clear in Eq. 3. High-Z materials such as Pb and W do not show a drastically higher cross-
section per gram compared to low-Z materials such as Al and Si. In the high-energy region (>10 MeV), the
incoherent scattering cross section steadily decreases as the energy increases. At very high energies (>100
MeV), pair production (instead of Compton scattering) becomes dominant, leading to a further drop in the
Compton cross section. Regarding the comparison of shielding materials, the advantages of Lead (Pb) and
tungsten (W) as shielding materials are due to their higher density, because the cross-section per gram is
similar for all materials. Lead (Pb, 11.34 g/cm?®) and tungsten (W, 19.25 g/cm?) provide more attenuation
per unit volume than lighter materials, such as aluminium or water. Low-Z materials (boron, aluminium,
silicon, air, and water) have a similar cross-section per gram but much lower densities, making them less
effective as gamma-ray shields. However, materials, such as water and air, can contribute to radiation
scattering and energy dissipation.
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Figure 3. Coherent Scattering Cross-Sections of Selected Elements and Materials (B, Al, Si, Cu, W, Pb,
water, and air) as a Function of Gamma Ray Energy

Figure 3 shows coherent (Rayleigh) scattering cross-sections as a function of gamma-ray energy, which
contrasts with the previous plot of incoherent (Compton) scattering. The key difference is that coherent
scattering is significant only at low energies and decreases rapidly as the energy increases, whereas
incoherent scattering dominates in the mid-energy range (~0.1-10 MeV) and declines more gradually.
Coherent scattering involves elastic photon interactions without energy loss, making it more relevant for
low-energy photons, whereas incoherent scattering results in energy transfer and is the primary interaction
for mid-energy gamma-rays. High-Z materials, such as Pb and W, show higher coherent scattering cross-
sections but remain less relevant for shielding compared to incoherent scattering, which plays a greater role
in attenuation at practical gamma-ray energies.

In Figure 4, the cross-sections are given in cm?/g, which indicates the effective area for absorption per unit
mass of the material. This unit is useful because it allows the comparison of different materials regardless
of their density. The energy of the gamma rays is given in MeV, ranging from 1.00E-03 MeV to 1.00E+05
MeV. This is a broad range, covering low-to high-energy gamma-rays. The materials listed (B, Al, Si, Cu,
W, Pb, water, and dry air) have different atomic numbers and densities, which affect their photoelectric
absorption cross sections. Generally, materials with higher atomic numbers (such as lead) have higher cross
sections at lower energies owing to the stronger interaction between gamma rays and atomic electrons.
Typically, the photoelectric absorption cross section decreases as the energy of the gamma rays increases.
This is because higher-energy photons are less likely to be absorbed by electrons in the material. The cross-
section can also show sharp decreases at certain energy levels, known as absorption edges, which
correspond to the binding energies of the inner electrons in the atoms. Figure 4 depicts how the cross
sections vary across different energy levels, typically plotted on a logarithmic scale to capture a wide range
of values. In contrast, lighter materials, such as water and dry air, show much lower cross sections across
the entire energy range, making them less effective at attenuating gamma rays compared to heavier
elements. This plot is crucial for applications in radiation shielding, medical imaging, and astrophysics
because it helps in selecting appropriate materials based on their absorption properties at specific gamma
ray energies.
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Figure 4. Photoelectric Absorption Cross-Sections of Selected Elements and Materials (B, Al, Si, Cu, W,
Pb, water, and air) as a Function of Gamma Ray Energy

PAIR PRODUCTION CROSS SECTIONS IN ELECTRON FIELD
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Figure 5. Pair Production Cross-Sections in the Electron Field of Selected Elements and Materials (B, Al,
Si, Cu, W, Pb, water, and air) as a Function of Gamma Ray Energy

Figure 5 illustrates the pair production cross sections in the electron field for different materials plotted
against the gamma-ray energy in MeV. Pair production becomes significant at higher gamma-ray energies,
typically above 1.022 MeV, which is the threshold energy required to create an electron-positron pair. As
the energy increased beyond this threshold, the cross-section for pair production generally increased,

reflecting a higher probability of this interaction. Electron density per gram refers to the number of electrons

. . o NZ _ Z . .
per unit mass of the material. This is calculated as follows: n, = iy X Ny. The Z/A ratio determines

the number of electrons per unit of mass. The decreasing Z/A ratios of the selected materials were calculated
as follows: 0.799 for water, 0.510 for dry air, 0.5 for Si, 0.482 for Al, 0.463 for B, 0.456 for Cu, 0.403 for
W, and 0.396 for Pb in mole/g unit. The same order of magnitude is valid for the electron densities per
gram (n,). Light elements have a higher Z/A ratio, meaning that they contain more electrons per gram than
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heavier elements do. Heavier elements (e.g., Pb and W) have lower Z/A values because their atomic masses
grow faster than their atomic numbers. Pair production occurs because of interactions with electrons, as
shown in Figure 5. If a material has more electrons per gram, it offers more interaction sites per unit mass,
leading to a higher mass-attenuation coefficient. Water (H.O) and air (mostly N> and O:) have a high
electron density per gram, explaining why they have larger cross-sections per unit mass than Pb or W. This
aligns with what we see in the plot: water and air show the highest pair of production cross-sections per
gram, despite being low-Z materials.
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Figure 6. Pair Production Cross-Sections in the Nuclear Field of Selected Elements and Materials (B, Al,
Si, Cu, W, Pb, water, and air) as a Function of Gamma Ray Energy.

The plot of the pair production cross sections in the nuclear field in Figure 6 shows the probability of
gamma rays converting into electron-positron pairs when interacting with the electric field of a nucleus,
typically for energies above 1.022 MeV. This process is more significant in materials with high atomic
numbers, such as tungsten (W) and lead (Pb), owing to their stronger nuclear electric fields, resulting in
higher cross-sections compared to pair production in the electron field. In contrast, pair production in the
electron field, where gamma rays interact with the electric field of electrons, generally has lower cross
sections because the electron field is weaker. Both processes increase with the gamma-ray energy, but the
nuclear field process dominates at higher energies. Understanding these differences is essential for
applications in radiation shielding and medical imaging, where material selection and interaction
mechanisms are critical for effective gamma ray attenuation and detection.

The values for the total attenuation cross-sections with and without coherent scattering in Figures 7 and 8
appear almost the same across the provided energy range. This suggests that coherent scattering,
photoelectric absorption, and pair production have either minimal or no contribution owing to the threshold
energy of the total attenuation. This is because they are aligned in close proximity to the low-energy range
of up to 10! MeV. In contrast, incoherent scattering was more distinct in the same low-energy interval. In
the intermediate energy range (107'-10 MeV), coherent scattering and photoelectric effects have more
distinctive values. The pair production in the nuclear and electron fields begins to change the total
attenuation after 1.022 MeV. The first has a more dominant addition than the second to the total cross-
section.
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Figure 7. Total Attenuation Cross-Sections with Coherent Scattering of Selected Elements and Materials
(B, Al, Si, Cu, W, Pb, water, and air) as a Function of Gamma-Ray Energy.
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Figure 8. Total Attenuation Cross Sections Without Coherent Scattering of Selected Elements and
Materials (B, Al, Si, Cu, W, Pb, water, and air) as a Function of Gamma-Ray Energy.

The near-identical values for the total attenuation cross-sections with and without coherent scattering for a
chosen material across the provided energy range indicate that coherent scattering after 10 MeV was almost
negligible. The order of magnitude of the total cross-sections was as follows: Pb > W > Cu > Si > Al >
water > air > B.
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Figure 9. Relative Dominance of Coherent Scattering Cross Sections of Selected Elements and Materials
(B, Al, Si, Cu, W, Pb, water, and air) as a Function of Gamma-Ray Energy

The data in Figure 9 show the relative contributions of various materials (B, water, air, Al, Si, Cu, W, and
Pb) to the total cross-section at different photon energies, normalised so that the total sum is 1.00 at each
energy. At lower energies (below 0.1 MeV), high-Z materials, such as tungsten (W) and lead (Pb), dominate
because of their strong coherent scattering, contributing significantly (e.g., W: ~0.306, Pb: ~0.335 at 1.00E-
03 MeV). Intermediate-Z materials such as copper (Cu), silicon (Si), and aluminum (Al) have moderate
contributions at these energies, whereas low-Z materials such as boron (B), water, and air contribute
minimally. As the photon energy increased, the relative contribution of the high-Z materials decreased and
the differences between the materials became less pronounced. At higher energies (above 1 MeV), coherent
scattering becomes negligible, and the contributions of all the materials stabilize at low fractions. These
data highlight the importance of the material composition and photon energy in determining the relative
dominance of different interaction mechanisms, which is crucial for applications in radiation shielding,
medical imaging, and nuclear physics.

In Figure 10, at very low photon energies (1-10 keV), incoherent scattering values are more variable, with
boron (B), water, and air showing higher contributions than heavier elements such as lead (Pb) and tungsten
(W). As the photon energy increased, the relative contributions stabilized, with all materials converging to
nearly the same value (~0.123-0.148) above ~100 keV. This suggests that, at high energies, incoherent
scattering dominates uniformly across materials, regardless of the atomic number. At low energies,
photoelectric absorption is dominant and incoherent scattering varies significantly between the elements.
As the energy increases, Compton scattering becomes the primary interaction mechanism, leading to
convergence of the values. In conclusion, at low gamma ray energies, incoherent scattering is more
material-dependent, with lighter elements exhibiting higher fractions. As the energy increases beyond ~100
keV, incoherent scattering becomes nearly independent of the material composition, showing a stable
contribution across all substances. For practical applications, such as shielding, the Compton scattering
effects become uniform at high gamma-ray energies.

The dataset in Figure 11 presents the relative dominance of the photoelectric absorption cross section for
various materials as a function of photon energy (gamma energy). The materials included boron (B), water,
air, aluminum (Al), silicon (Si), copper (Cu), tungsten (W), and lead (Pb), with the sum of all contributions
normalized to 1.00. At low photon energies (1.00E-03 to 1.50E-03 MeV), the photoelectric effect is most
dominant in copper (Cu), tungsten (W), and lead (Pb), with Cu showing the highest contribution around
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0.36 at 1.50E-03 MeV. As the energy increased to 2.00E-03 MeV, a shift occurred, and tungsten started to
gain more influence, whereas lighter elements such as aluminum and silicon contributed more significantly.
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Figure 10. Relative Dominance of Incoherent Scattering Cross Sections of Selected Elements and
Materials (B, Al, Si, Cu, W, Pb, water, and air) as a Function of Gamma-Ray Energy
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Figure 11. Relative Dominance of Photoelectric Absorption Cross Sections of Selected Elements and
Materials (B, Al, Si, Cu, W, Pb, water, and air) as a Function of Gamma-Ray Energy

Between 3.00E-03 MeV and 1.00E-02 MeV, the dominance of heavy elements (W and Pb) remained,
whereas boron and water showed minimal contributions. At approximately 8.00E-03 MeV, copper
momentarily dominates; however, beyond this energy, tungsten (W) and lead (Pb) become the primary
contributors, indicating their higher atomic number dependence on photoelectric absorption.
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At intermediate energies (1.50E-02 to 1.00E-01 MeV), lead (Pb) starts to increase, reaching approximately
0.54 by 1.00E-01 MeV. Simultaneously, tungsten (W) also remained significant, while the influence of
lighter materials diminished.

For higher photon energies (0.15 MeV and above), tungsten (W) and lead (Pb) overwhelmingly dominate,
with Pb contributing around 0.57 and W around 0.41 at 1.00 MeV. Other materials, such as aluminum,
silicon, and water, contribute negligibly to these energies.

Overall, the dataset highlights that at low gamma energies, mid-Z elements, such as Cu, play a key role,
whereas at higher energies, high-Z elements, such as W and Pb, overwhelmingly dominate the photoelectric
absorption because of their greater probability of interaction with photons. This trend aligns with theoretical
expectations, as the photoelectric cross-section scales approximately from Z° to Z* making high-Z
materials significantly more effective at absorbing lower-energy gamma photons.

Pair Production in Nuclear Field Cross Sections (cm?2/g)
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Figure 12. Relative Dominance of Pair Production in Nuclear Field Cross-Sections of Selected Elements
and Materials (B, Al, Si, Cu, W, Pb, water, and air) as a Function of Gamma Ray Energy

The dataset in Figure 12 represents the normalized relative cross-section of pair production for various
materials (Boron, Water, Air, Aluminum, Silicon, Copper, Tungsten, and Lead) across gamma-ray energies
from 1.25 MeV to 1.00E+05 MeV. Pair production, which requires a minimum gamma ray energy of 1.022
MeV, becomes increasingly significant at higher energies. High-Z materials, such as lead (Pb) and tungsten
(W), dominate pair production because of their strong nuclear electric fields. For example, at 1.25 MeV,
Lead (Pb) has a normalized relative cross section of 0.423, which decreases slightly to 0.313 at 10 MeV.
This decrease occurs because while pair production increases with energy, other interaction mechanisms
(such as Compton scattering) also become more significant, reducing the relative dominance of pair
production. Medium-Z materials such as copper (Cu) and aluminum (Al) show moderate contributions,
whereas low-Z materials such as boron (B) and water exhibit minimal contributions, with values increasing
only slightly (e.g., B from 0.012 at 1.25 MeV to 0.025 at 10 MeV). The total strength of the column
remained constant at 1.00, confirming that the values were normalized and represented the relative
contribution of each material to the total pair production cross-section. Overall, the data highlight that pair
production is most significant for high-Z materials at intermediate energies (1-10 MeV), making materials
such as Lead and Tungsten ideal for high-energy gamma ray shielding and detection applications.
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Pair Production in Electron Field Cross Sections (cm2/g)
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Figure 13. Relative Dominance of Pair Production in Electron Field Cross-Sections of Selected Elements
and Materials (B, Al, Si, Cu, W, Pb, water, and air) as a Function of Gamma-Ray Energy.

Figure 13 shows the relative cross-section of pair production in an electron field for materials including
boron, water, air, aluminum, silicon, copper, tungsten, and lead across gamma-ray energies. At 3.00E+00
MeV, the relative cross sections were boron (B) 0.123, water 0.148, air 0.133, aluminum (Al) 0.129, silicon
(Si) 0.133, copper (Cu) 0.122, tungsten (W) 0.107, and lead (Pb) 0.105, with a total of 1.00. At 1.00E+01
MeV, the values are: B 0.124, Water 0.149, Air 0.133, Al 0.129, Si 0.133, Cu 0.122, W 0.106, and Pb
0.104, with a total of 1.00. At 1.00E+05 MeV, the values are: B 0.138, Water 0.162, Air 0.143, A1 0.132,
Si0.136, Cu 0.113, W 0.090, and Pb 0.087, with a total of 1.00. Low-Z materials, such as Boron, Water,
and Air, exhibit an increase in the relative cross-section with energy (e.g., B from 0.123 to 0.138), whereas
high-Z materials, such as tungsten and lead, exhibit a decrease (e.g., Pb from 0.105 to 0.087). Medium-Z
materials, such as aluminum, silicon, and copper, remained relatively stable with slight variations (e.g., Cu
from 0.122 to 0.113). This reflects the energy and material dependence of pair production in an electron
field, with high-Z materials dominating at lower energies, and low-Z materials gaining significance at
higher energies.

Pair production in a nuclear field and pair production in an electron field dataset exhibit distinct behaviors
in terms of material and energy dependence. In the nuclear field, high-Z materials such as lead (Pb) and
tungsten (W) dominate, with relative cross sections increasing with energy (e.g., Pb from 0.423 at 1.25
MeV to 0.467 at 10 MeV), whereas low-Z materials such as boron (B) and water have very low
contributions (e.g., B from 0.012 to 0.025). In contrast, in the electron field, high-Z materials still dominate
but show a decrease in the relative cross-section with energy (e.g., Pb from 0.105 at 3.00E+00 MeV to
0.087 at 1.00E+05 MeV), whereas low-Z materials, such as B and water, exhibit a significant increase (e.g.,
B from 0.123 to 0.138). Medium-Z materials, such as copper (Cu) and aluminum (Al), remain relatively
stable in both fields, with slight variations (e.g., Cu from 0.122 to 0.113 in the electron field). These
differences highlight the fact that high-Z materials are more effective for nuclear field-pair production at
lower energies, whereas low-Z materials are more important in the electron field at higher energies. Both
datasets reflect the energy and material dependence of pair production, with the nuclear field favoring high-
Z materials and the electron field shifting toward low-Z materials as energy increases.
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Figure 14. Relative Dominance of Total Cross-Sections with Coherent Scattering of Selected Elements
and Materials (B, Al, Si, Cu, W, Pb, water, and air) as a Function of Gamma-Ray Energy

The dataset in Figure 14 for coherent scattering (Rayleigh scattering) provides insights into its relative
contribution compared with the three major gamma interactions (photoelectric effect, Compton scattering,
and pair production) across photon energies (1.00E-03 MeV to 1.00E+05 MeV) and materials. This is a
structured interpretation aligned with Figure 1 from Evans’ The Atomic Nucleus: At low energies (1.00E-
03 MeV to 1.00E-02 MeV), lead (Pb) and tungsten (W) exhibit strong contributions (e.g., Pb: 0.167 at
1.00E-03 MeV, rising to 0.363 at 5.00E-03 MeV), reflecting their large atomic electric fields. Copper (Cu)
peaks transiently at 0.419 at 1.00E-02 MeV, likely owing to resonance effects in the atomic shells.
Compared to major interactions, coherent scattering complements the photoelectric effect, which typically
dominates at low energies. High-Z materials were effective in both processes. At mid-energies (1.00E-01
MeV to 1.00E+01 MeV), high-Z materials (Pb, W) remained significant (Pb: 0.493 at 1.00E-01 MeV), but
gradually declined as the energy increased. Low-Z materials (B, water, and air) show slight increases (B:
0.012 — 0.074), aligning with the rise in Compton scattering dominance in this range. Regarding material-
specific behavior, medium-Z materials such as aluminum (Al) and silicon (Si) stabilize, indicating a
reduced coherent scattering influence compared to Compton interactions. At High Energies (1.00E+01
MeV to 1.00E+05 MeV), a persistent high-Z contribution exists. Pb and W stabilized at moderate values
(Pb: ~0.287, W: ~0.271 at 1.00E+05 MeV), unlike the steep decline in the photoelectric effect. Boron (B:
0.035) and water (0.051) remained minimal contributors, reflecting the dominance of pair production in the
high-energy regimes.

Compared to Figure 1, the photoelectric effect dominates at low energies in high-Z materials, paralleling
coherent scattering trends. Compton scattering peaks at mid-energies, thereby reducing the relative role of
coherent scattering in mid-Z materials (e.g., Cu). Pair Production requires energies greater than 1.022 MeV,
but coherent scattering in high-Z materials persists owing to atomic structure effects, unlike the
photoelectric effect.

For material and energy dependence, high-Z materials (Pb, W) are critical for low-energy shielding (X-
rays), owing to their strong coherent and photoelectric contributions. Medium-Z materials (Cu, Al) exhibit
transient peaks (e.g., Cu at 1.00E-02 MeV), useful for specialized mid-energy applications. Low-Z
materials (B, Water) have a minimal coherent scattering contribution, which aligns with their limited role
in gamma ray interactions. Regarding practical implications, low-energy systems use Pb/W for shielding,
leveraging coherent scattering and photoelectric absorption. Mid-energy applications balance Compton
scattering and coherent effects, and Cu/Al may offer a niche utility. In high-energy physics, pair production
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dominates, but coherent scattering in Pb/W remains non-negligible. In conclusion, although the three major
interactions (photoelectric, Compton, and pair production) dominate the gamma-ray interactions, coherent
scattering plays a supplementary role, particularly in high-Z materials at low-to mid-energies. The dataset
underscores how the material choice and energy range dictate the relative importance of scattering
mechanisms, with high-Z materials maintaining relevance even at ultrahigh energies owing to their atomic
structures. This aligns with Evans’ framework but highlights the unique persistence of coherent scattering
compared to the photoelectric effect.
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Figure 15. Relative Dominance of Total Cross Sections without Coherent Scattering of Selected
Elements and Materials (B, Al, Si, Cu, W, Pb, water, and air) as a Function of Gamma-Ray Energy

The combination of Figures 8 and 15 provides a comprehensive understanding of the behavior of the total
attenuation cross-sections (without coherent scattering) across a wide gamma-ray energy range. At low
energies (below ~0.1 MeV), high-Z materials such as lead (Pb) and tungsten (W) dominate owing to strong
photoelectric absorption, with cross-section values orders of magnitude higher than those of lighter
materials such as boron, water, and air. As the energy increases (~0.1-2 MeV), Compton scattering
becomes the dominant interaction, leading to a more balanced contribution across mid-Z materials, such as
Al, Si, and Cu, although Pb and W still retain a significant portion. At high energies (>2 MeV), pair
production begins to play a role, leading to a gradual increase in the cross-section values of high-Z
materials, whereas lighter materials maintain relatively low attenuation. The relative dominance chart
highlights the shift in contribution between different materials, showing that Pb and W remain the most
effective for shielding across all energy ranges, whereas lighter materials become more relevant only at
higher energies, where the cross-section values decrease overall. This analysis is crucial for applications in
radiation shielding, medical imaging, and nuclear engineering, where material selection depends on the
specific gamma-ray energy range of interest.
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Figure 16. Mass Energy Absorption Cross Sections of Selected Elements and Materials (B, Al Si, Cu,
W, Pb, water, and air) as a Function of Gamma-Ray Energy

The dataset in Figure 16 with different energy ranges for each material reveals a fascinating correlation
with the gamma ray interaction mechanisms shown in Figure 1. By analyzing these data, we can observe
how the three dominant interaction processes— the photoelectric effect, Compton scattering, and pair
production—manifest across different materials based on their atomic numbers (Z). For low-Z materials,
such as boron, water, and air, the absorption coefficients decrease rapidly at low energies (1-10 keV) and
then exhibit a more gradual decrease at higher energies, with the transition from photoelectric dominance
to Compton scattering occurring at relatively low energies. In contrast, high-Z materials, such as W and Pb,
exhibit extremely high absorption values at their K-edge energies (approximately 2-4 keV for tungsten and
3-4 keV for lead), after which there is a significant drop, followed by another transition to pair production
dominance above approximately 5-10 MeV. The data for intermediate-Z materials such as aluminum,
silicon, and copper show transitional behavior, with copper displaying pronounced absorption peaks at
characteristic energy levels. These observations perfectly align with the first figure's representation of
interaction mechanism dominance regions, where the photoelectric effect (xZ*) dominates at low energies
especially for high-Z materials, Compton scattering (< Z) prevails in the mid-energy range with reduced
Z-dependence, and pair production (xZ?) becomes significant at higher energies for heavier elements—
clearly demonstrating why lead and tungsten are preferred shielding materials for most radiation protection
applications. However, keep in mind that they are toxic to humans.

If the fractions for each process are calculated and known in advance, each fraction is multiplied by the
respective component of the mass attenuation coefficient (W/p); for each interaction type i, and summing
these products yields the mass energy absorption cross sections ([en/p). Again, the necessity of a multilayer
approach that combines the right materials for the right radiation for specific energies is crucial for
shielding.

4. APPLICATION INSIGHT: CASE FOR MULTI-LAYER SHIELDING IN SPACE MISSIONS

Space missions face a complex radiation environment comprising high-energy photons, protons, and
secondary neutrons, which requires efficient lightweight shielding solutions. Multilayer shielding is a
proven strategy that leverages the complementary properties of different materials to attenuate various
radiation types while optimizing the mass and structural constraints.
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A representative configuration may include the following.

* Quter layer — High-Z materials (e.g., tungsten and lead) to attenuate high-energy gamma photons via
photoelectric and pair production interactions.

» Middle layer: Medium-Z materials (e.g., aluminum and copper) to scatter and moderate photon energy
through Compton scattering.

* Inner layer: Hydrogen-rich materials (e.g., polyethylene, water, or borated polymers) to moderate and
capture secondary neutrons.

This multilayered concept has been validated through several recent simulations and design studies. Sazali
(2019) [51] showed that optimized three-layer shields (e.g., tungsten—polyethylene—aluminum)
significantly reduced the radiation dose to spacecraft electronics in a geostationary orbit. Daneshvar et al.
(2021) [52], using a combination of GEANT4 simulations and experimental setups, demonstrated that
strategic layering of tungsten, aluminum, and polyethylene leads to notable dose reduction while
maintaining acceptable weight. More recently, Guan et al. (2025) [53] explored the optimal thickness
configurations for multilayer shielding of highly radioactive sources, emphasizing environmental safety
and long-term storage.

Their study highlighted how optimized stacking of materials, such as lead and borated polyethylene,
provides both gamma and neutron attenuation, with each layer contributing effectively to the total shielding.

A key insight from these studies is that the order of the layers in a multilayer shield does not affect the total
transmission if the material thickness and properties are preserved. The exponential attenuation law
governed the cumulative shielding effect.

1(t) = Ije~(Watathatat) 9)

This expression shows that attenuation is commutative and multiplicative in the exponent: each layer
contributes independently with u linear attenuation coefficient and thickness (t), and their combined effect
depends only on the total attenuation path—not on the sequence of materials. This allows for practical
flexibility in shield design based on the structural, thermal, or engineering requirements.

Dominance charts provide a fast, visual method to identify which interactions dominate across specific
photon energies, helping guide the selection of materials for simulation. When integrated into GEANT4-
based workflows, these tools can accelerate the design of radiation shields tailored to the specific mission
environments and constraints.

5. CONCLUSIONS

This study presents a comparative visualization framework for gamma-ray shielding materials,
transforming theoretical attenuation data into structured insights for material selection across different
energy domains. By generating and analyzing dominance plots for photoelectric absorption, Compton
scattering, and pair production over a wide photon energy range (1 keV to 20 MeV), the study provides a
clearer understanding of how specific materials perform within defined interaction regimes.

Unlike conventional approaches that rely solely on tabulated cross-section values or attenuation
coefficients, this method maps interaction mechanisms to energy domains, enabling a systematic
comparison of materials and revealing consistent trends governed by atomic number and photon energy.
These visuals are particularly valuable for guiding material selection in multilayer or composite shielding
systems, where energy-dependent behavior plays a critical role.

A key theoretical insight reaffirmed here is that, under the exponential attenuation model, the overall
attenuation of multilayer systems depends on material composition and areal density rather than layer
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sequence. However, this conclusion is valid under ideal narrow-beam conditions and does not account for
scattered radiation or buildup effects, which may influence shielding performance in practical applications.

Material-specific characteristics play a central role in the observed behavior, with distinct transitions from
photoelectric dominance at low energies to Compton scattering at intermediate energies and pair production
at higher energies. These systematic trends indicate that effective shielding design must consider energy-
dependent interaction mechanisms rather than relying on a single material solution.

While traditional high-Z materials such as lead and tungsten remain highly effective for gamma attenuation,
the inclusion of hydrogen-rich materials in shielding configurations is particularly relevant in mixed
radiation environments, such as space missions and nuclear facilities, where neutron moderation and
secondary radiation control become critical. Therefore, their role should be interpreted within a broader
radiation protection context rather than purely gamma-ray attenuation.

The proposed framework serves as a supportive and interpretable tool for preliminary shielding design and
material comparison. Nevertheless, the present analysis is based on deterministic cross-section data and
does not include secondary radiation processes such as bremsstrahlung, characteristic X-ray emission, or
neutron-related interactions, which may become significant in complex shielding environments [54].

Overall, this work provides a systematic and comparative perspective that enhances the interpretability of
photon interaction data and supports more informed, application-oriented material selection in radiation
shielding studies.
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