L O

guvey o 7

= radiation

lesiias @

Article

X-Ray Interaction and the Electronic, Atomic Cross-Sections
and Compton Mass-Attenuation Coefficients of Human Blood,
Breasts, Eye Lens, Ovaries, and Testis

Daniel Banks !, Elise Kapshtica !, Jia Ali !, Sami Raja !, Madhesh Raja !, Mishka Ali 2
and Muhammad Magbool /*

Department of Clinical and Diagnostic Sciences, The University of Alabama at Birmingham,
Birmingham, AL 35294, USA

2 Medical Science Department, The University of Aberdeen, King’s College, Aberdeen AB24 3FX, UK
Correspondence: mmagbool@uab.edu

Simple Summary

Radiation plays a vital role in many fields and practical applications. Treating cancer
patients, radiographic images, radiation dosimetry, CT scan, and mammography are
some of the fields where radiation is frequently used. In all therapeutic and diagnostic
applications of radiation, it is essential to understand how radiation interacts with body
tissues and the potential implications of this interaction. Without the knowledge of the
interaction of various types of radiation with body tissue, proper shielding and protection
from the hazards of radiation cannot be provided. Therefore, the Klein-Nishina formula
is used in the present work to study and understand the interaction of various energetic
X-rays with the human blood, breast, eye lens, ovary, and testis. The results show that the
radiation energy, tissue density, electron density, and effective charge number strongly affect
the interaction of radiation with body tissues. Therefore, the effects of these parameters on
radiation interaction should be studied before providing radiation dose to any tissue or the
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for the investigated tissues and their response to low and high-energy X-rays. The results
and outcomes are also very useful in shielding and protecting tissues from the hazards of
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radiation. These parameters are also helpful in determining the scattered and optimum
doses to improve image quality and treatment options in radiology and radiation therapy
to offer the best care.

Keywords: X-rays; body tissues; Klein-Nishina formula; radiation-tissue interaction;
radiation measurement; radiation shielding

1. Introduction

Radiation has been used in diagnostic and therapeutic procedures, and nuclear
medicine, for approximately 125 years, playing a critical role in detecting and treating
abnormalities in the body, particularly cancer [1-3]. Around half of all cancer patients
undergo radiation therapy, making it one of the most effective treatment methods avail-
able [4]. The primary objective of radiotherapy is to reduce the size of tumors and ultimately
eliminate cancer cells [5]. This process involves several key factors, including ionizing
radiation, high-energy photons, and principles like attenuation [6]. High-energy photons
are commonly employed to target and destroy tumor cells [7]. However, the amount of
radiation needed varies depending on the tumor’s size, composition, structure, and other
physical properties [8]. Tumors are composed of atoms and molecules. When photons
interact with these atoms, absorption and scattering occur known as attenuation. Proper
dose-delivery is essential, as it directly impacts the success of tumor treatment and the
safety of normal tissues around the tumor in the field of radiation [9,10]. The dose volumes
are determined based on the tumor’s characteristics and the tolerance of surrounding
healthy tissues. A critical aspect of radiotherapy research is establishing a connection
between the type of radiation, tumor properties, and the delivered dose [1,9]. Photoelectric
absorption and Compton scattering are key to this process, with scattering requiring greater
attention due to its complexity [11]. Lower doses or lower radiation energies are more
likely to be absorbed by the directed tissue or tumor compared to higher energies [12].
Advanced research is required to improve methods for measuring and calculating internal
dose distributions and to enhance accuracy and effectiveness [13-15]. In the interaction of
radiation with body tissue, the role of a single electron and its interaction with the incoming
radiation is of primary importance and must be properly observed. The mode and strength
of interaction of an X-ray photon with such an electron of a body’s atom is governed by
the Klein—Nishina electronic cross-section, which determines the interaction probability of
radiation with the individual electron. Additionally, the atomic cross-section refers to the
interaction probability of the entire atom. Further research into the Klein-Nishina atomic
and electronic cross-sections is essential to radiation imaging and therapy planning. Accu-
rate measurement of radiation doses to internal organs remains challenging. Organ doses
are often estimated using calculations based on measurements from models or specific
body areas [15,16]. Understanding these doses is vital for evaluating the benefits and risks
of radiation exposure. Larger tumors demand higher doses for effective treatment, which
increases the likelihood of complications in nearby normal tissues. It is, therefore, essential
to understand the relationship between the partial irradiation of organs and the potential
for tissue damage [16,17]. Administering radiation therapy is a delicate process, as even
minor errors in planning or delivery can have severe consequences, particularly when
tumors are near sensitive tissues or vital organs. Overdoses of radiation therapy can lead
to serious injury and death. Achieving precise dose-delivery requires understanding the
interaction probabilities, scattering capabilities, and attenuation properties of both tumor
and surrounding tissues [2,10,18]. Without this precision, the effectiveness of radiation in
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eliminating tumors can be compromised. While radiation is clinically efficient for tumor
deterrence, overdosages of radiation can prove to be detrimental to human health. Pa-
tients may feel symptoms of radiation damage after treatment due to cell death and tissue
damage due to overdoses of radiation [14,17,19]. Precisely planned radiation therapy that
reduces the damage to normal tissues can greatly improve the quality of life and healing
for patients treated for cancer [14,20,21]. This research focuses on examining how X-rays
interact with various tissues, including blood, eye lens, breast, ovaries, and testis, within a
specific energy range of 0.1-20 MeV. It must be noted that X-rays can be generated with
a wide energy spectrum. In diagnostic applications, X-rays between 30 keV and 150 keV
are commonly used. Orthovoltage X-rays are produced in the 100-500 keV energy range.
In therapeutic applications, the energy of X-rays, produced in a linear accelerator, ranges
from 4 MeV up to 25 MeV. In addition to their biomedical applications, various energetic
X-ray beams are also used in industrial and non-medical applications [22-24]. The study
aims to analyze scattering and attenuation properties using established theoretical models.
By investigating how normal tissues influence radiation as it travels to tumors, this work
provides insights into dose calculations and highlights the impact of tissue properties on
accurate radiation delivery. Such findings are crucial for improving dosimetry techniques
and advancing radiation therapy.

2. Materials and Methods

The probability of interaction between X-rays of differing energies in the 0.1 MeV-20 MeV
range and Blood, Breast, Eye Lens, Ovary, and Testis is studied by calculating the Klein—
Nishina electronic and atomic cross-sections and the Compton mass-attenuation coefficient
as a function of radiation energy, the effective charge number, and the density of the
investigated tissues. The Klein—-Nishina differential equation and formula used to calculate
the electronic cross-section are given by Equations (1) and (2), below [2,10,25,26]:

do r2[ 1 ]2[1 + c0s20 a*(1 — cosb)”

i~ 2'1+ a(l — cos6) * 1+ad— cosﬂ)] M

0_e=27rr2{1+a{2(1+a)ln(1+2a) +ln(1+204) 1+ 3« } 2

a2 | 142« « 20 (1 + 20)?

where r = ch = 2818 fm = 2.818 x 10715 m = 2.818 x 10713 cm is the classical

4rtegme
radius of the eolectron and, « = el 0.51}1\7\/Mev is a constant called the coupling constant,
while E = hv is the energy of the incident X-ray photon. Table 1 provides values of the
coupling constant at various X-ray energies. o, represents the Klein-Nishina cross-section
per electron and is expressed in units of cm?/electron.

The results obtained for the Klein—Nishina electronic cross-section o, followed the
calculation of the coupling constant o using the equation & = ﬁ = 0_51}1‘7"1\4‘3\,. The values
of « calculated for various X-ray energies, along with the value of the classical radius of the
electron r, were then plugged into Equation (2) to obtain o.

The Klein-Nishina atomic cross-section ‘c,” was obtained for each tissue by multi-
plying the electronic cross-section by the effective charge number Zg of the tissue at each
photon energy i.e., 04 = .Zg. Oe. 0, represents the Klein-Nishina cross-section per atom
and is expressed in the unit of cm?/atom. The Compton mass-attenuation coefficient is
obtained using the formula given below [10,18]:

0/p = NA(Zes/Aetf) Oe 3)
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where N = 6.022 x 102 atoms per mole, is Avogadro’s constant, the number of atoms in a
gram-atomic weight of any element or the number of molecules in a gram-molecular weight
of any compound, Z¢ = number of electrons per atom of an element or per molecule of a
compound in a tissue, A¢¢f = number of grams per mole of tissue (i.e., A is the gram-atomic
or molecular weight), p = density in g/ cm?, Ng Zege/ Aegs = number of electrons per gram of
material, and o/p = Compton mass-attenuation coefficient, and is expressed in the units
of cm?/g

Table 1. Klein-Nishina cross-section per electron and coupling constant at various energies.

Klein—-Nishina Cross-Section per

Energy (MeV) Coupling Constant « Electron o, (cm?/Electron)
0.1 0.19569 4918
0.3 0.58708 3.533
0.6 1.1742 2.675
1.0 1.9569 2.112
1.25 2.4462 1.888
2.0 3.9139 1.463
4.0 7.8278 0.9596
6.0 11.742 0.7323
8.0 15.656 0.5987
10.0 19.569 0.5098
15.0 29.354 0.3696
20.0 39.139 0.3024

3. Effective Z and Effective A of Tissues

Every tissue is composed of several elements in a certain atomic ratio. Not all elements
in a tissue are in the same and equal concentrations. The concentration of constituent
elements in a tissue varies from a minimum to a maximum depending on the nature of the
tissue. Therefore, the charge number of a tissue is not assigned due to a single constituent
element; instead, it is a weighted average of the charge numbers of all elements and their
relative concentrations composing the tissue. This weighted average is called the effective
charge number Z of the tissue. In the same way, each tissue has an effective mass number
A corresponding to its effective charge number. The effective charge number is not a fixed
number but varies with the energy of the interacting radiation. The values of the effective
charge numbers used for the tissues investigated in this work are obtained from the results
published by Kurudirek in 2014, Jayachandran in 1971, and Fatima in 2023 [2,27,28].

The effective mass number A can be calculated by using the stability condition of
nuclei. In general, for a certain element with a charge number Z, there may be several mass
numbers, and hence several isotopes exist, but not all of them are stable isotopes. Since
human tissues are very stable, the elements or atoms and nuclei in a tissue are also very
stable. Thus, the effective mass number A of a tissue can be calculated from its effective
charge number Z, using the stability condition. It has been a fact that for every stable
atom or molecule, the ratio of neutrons and protons in the atom must exist between 1 and
1.52 [23,29-31].

Mathematically, 1 <N/Z <152. If N/Z=1,thenN=Z2,and hence A=N+Z=27
On the other hand, if N/Z =152, then N=1527,and thus A=N+Z=152Z+Z=2527.
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Therefore, the calculation specifies that for stable atoms and molecules of the tissues, the
effective mass number A should satisfy the condition, 2 Z < A <2.52 Z.

In the present work, all values of the effective mass number A satisfy this condition
of stability.

4. Results
4.1. Radiation Energy and Tissue Effective Charge Number

Figure 1 shows the variation in the values of the effective charge number Z of the
investigated tissues and the energy E of the interacting X-rays. Unlike the fixed charge
number of various elements and atoms, the effective charge number Z.¢ has a complex
relationship with the energy of interacting radiation. The figure shows that Z. slowly
decreases with increasing X-ray energy in the lower energy range from 0.1 MeV to 0.3 MeV.
At energies between 0.3 MeV and 2.5 MeV, the values of Z stay constant. Above 2.5 MeV,
the value of Z increases, with the rate of increase becoming bigger at higher energy. This
complex variation in Z with E is because the effective charge number varies with the linear
attenuation coefficient of a material or tissue, and the linear attenuation coefficient depends
upon the energy of interacting radiation [32,33]. Thus, the effective charge number of a
tissue should also be dependent on the energy of interacting radiation.

Effective Z of Tissues

41
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3.3
3.2
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\/ Breast
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Blood
Ovary

"
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Figure 1. Variation in the effective charge number Z of tissues with the X-ray energy.

4.2. Radiation Energy and Klein—Nishina Electronic and Atomic Cross-Sections

The Klein—Nishina electronic cross-section ¢, represents the probability of a photon
or electromagnetic radiation interacting with a single electron and is independent of the
type of tissue through which the photon interacts. Figure 2 shows a relationship between
the energy of X-rays in the 0.1-20 MeV range and the response of ¢,. Table 1 provides
data corresponding to Figure 2. It is clear from the figure that ¢, decreases rapidly as
the energy of the X-rays increases. This behavior can be explained based on the nature
of the interaction at various X-ray energies. During the interaction of photons with a
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tissue, the interaction dominantly occurs following the photoelectric absorption of energy
E < 0.5 MeV. For energies 0.5 MeV < E > 10 MeV, the Compton scattering is dominant,
followed by the pair production. For lower energies, photons interact through photoelectric
absorption, giving up all their energy to the electron, and hence making the interaction
probability the highest. At higher energies, due to the Compton scattering phenomenon,
the interacting photon only gives up a part of its energy and still retains its identity and
motion. This makes the interaction probability relatively lower. At very high energies
where pair production is dominant, there is absorption; however, due to the occurrence of
scattering at the same time, the cross-section still decreases.

Klein-Nishina Cross-Section
per Electron vs X-ray Energy

Radiation 2025, 5, 24
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Figure 2. The response of Klein—Nishina electronic cross-section o to the X-ray energy.

Figure 3 shows the Klein—Nishina interaction cross-section of a photon with an atom
of the tissue. A relationship of o,; with photon energy is provided for the breast, testis,
ovary, eye lens, and blood. The Klein—-Nishina atomic cross-section ¢, which is also known
as the Klein-Nishina cross-section per atom, represents the probability of a photon or
electromagnetic radiation interacting with a single atom, and hence depends on the type of
tissue through which the photon interacts. A similar trend of decreasing ¢, with increasing
X-ray energy in the 0.1-20 MeV energy range is observed. However, the rate of decrease is
different than the rate observed in the case of the Klein—Nishina electronic cross-section.
The reason is that when an entire atom is considered, the interacting photon considers a
more complicated structure due to several factors, like the size of an atom, the unoccupied
space in an atom, the existence of a nucleus, and the distribution of electrons in an atom.
The data is given in Tables 2—-6.
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Figure 3. Variation in the Klein—-Nishina atomic cross-section ¢, with the X-ray energy.

Table 2. Klein—Nishina cross-section per atom and Z.¢ of the breast at various energies.

0, (x10729 cm—2)

Energy (MeV) Zess (Breast)
01 3.2856 16.51
03 3.287 11.63
0.6 3.2879 8.795
1.0 3.2916 6.942
1.25 3.2956 6.203
20 3.3568 4.821
40 3.3585 3.223
6.0 3.4335 2514
8.0 3.5075 2.01

10.0 3.5797 1.825
15.0 3.7125 1.372
20.0 3.804 L15

Table 3. Klein—-Nishina cross-section per atom and Z. of testis at various energies.

0, (x10729 cm—2)

Energy (MeV) Zest (Testis)
0.1 3.3882 17.13
0.3 3.389 11.99
0.6 3.3906 9.07
1.0 3.3941 7.158
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Table 3. Cont.

0, (x10729 cm—2)

Energy (MeV) Zett (Testis)

1.25 3.4005 6.397
20 3.472 4.975
4.0 3.4829 3.332
6.0 3.5594 2.607
8.0 3.6432 2.181
10.0 3.7276 1.9

15.0 3.8767 1.433
20.0 3.9831 1.204

Table 4. Klein-Nishina cross-section per atom and Z¢ of ovary at various energies.

Energy (MeV)

Z g

0, (x10~29 cm—2)

(Ovary)
0.1 3.4067 17.23
0.3 3.4084 12.06
0.6 3.4098 9.121
1.0 3.4135 7.199
1.25 3.4187 6.432
2.0 3.4918 5.002
4.0 3.503 3.351
6.0 3.5797 2.621
8.0 3.6649 2.194
10.0 3.7496 1.912
15.0 3.8979 1.441
20.0 4.0034 1.211

Table 5. Klein—Nishina cross-section per atom and Z¢ of blood at various energies.

0, (x10729 cm—2)

Energy (MeV) Zst (Blood)
01 3.4479 17.45
03 3.4499 1221
0.6 3.4514 9.232
1.0 3.4551 7.286
1.25 3.4607 6.51
20 3.534 5.063
40 3.549 3.391
6.0 3.6204 2.651
8.0 3.7067 2.219
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Table 5. Cont.

—29 (-2
Energy (MeV) Zost 0, (Xx10722 cm—2)

(Blood)
10.0 3.7892 1.932
15.0 3.9385 1.456
20.0 4.044 1.223

Table 6. Klein-Nishina cross-section per atom and Z of eye lens at various energies.

0, (10729 cm—2)

Energy (MeV) Zest (Eye Lens)
01 3.5056 17.4
03 3.5065 12.39
0.6 3.5077 9.387
1.0 3.5091 7.406
1.25 3.5175 6.619
20 3.539 5.146
40 3.5868 3442
6.0 3.6693 2.687
8.0 3.7498 2.245
10.0 3.8282 1.952
15.0 3.9693 1.467
200 4.066 1.23

4.3. Tissue Effective Charge Number Z i and Klein-Nishina Atomic Cross-Section

The Klein—Nishina cross-section per atom o, is found to be dependent on several
factors. Figure 4 gives information about how ¢, changes with changing the effective
charge number Z of a tissue. Calculations are performed for the breast, testis, ovary, blood,
and eye lens. The figure shows that the o, changes with rise and fall for lower values of
Zgs. For high values of Z.g the Klein—Nishina cross-section per atom stays mostly the
same with a very slow decrease. Overall, the changes in ¢, occur in a very complex way
when Z is increased from 3.26 up to 4.06. The reason for this complex change could be
attributed to the fact that all three major processes of photon interaction with tissues, the
photoelectric absorption, Compton scattering, and pair production, depend strongly on the
charge number Z of the medium, in general, and the effective charge number of a tissue.
This simultaneous but different dependence contributes to the complex variation in the
interaction cross-section of a photon with Z of each tissue. No doubt, there is a complex
relationship between Z.¢ and o, but the same trend is observed on all tissues investigated.

4.4. Tissue Density and Klein—Nishina Atomic Cross-Section

Figure 5 provides information about how the Klein—Nishina cross-section per atom
o, changes with changing density p of tissues. The figure shows that a linear relation
exists between o, and p. Tissue density of the breast, testis, ovary, blood, and eye lens is
considered. Straight lines are observed for all tissues with a small slope. The small but
positive slope of each curve shows that the Klein-Nishina atomic cross-section increases
at a slow rate when the density of the tissue is increased. Thus, increasing the density of
a tissue gives rise to an increased probability of photon interaction with the tissue. The
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reason for this increase in o, with p is because increasing density means more matter exists
per unit volume of the tissue. The existence of more matter in the same volume will fill and
occupy the space in the tissue more. This occupation of matter in the tissue provides more
chances of interaction, giving rise to a high value of o,.

20
e=@mmBreast e=@==Testis em@meOvary e=@==Blood e=@==Eye Lens
18
16
14
g 12
e
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~ 1
g
(3]
& 8
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x 6
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© 4
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3.26 3.36 3.46 3.56 3.66 3.76 3.86 3.96 4.06
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Figure 4. The response of the Klein—Nishina atomic cross-section ¢, to the tissue’s effective charge
number Zqg.
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18
. -3 —— T -?
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T 14
g
s 12 b — ——9 Y
A
10
b
X3
S 8
6 O —8 F—0— —e
4
. ® 2 - 2]
2 G ! —tp >,
c= o ® - : °
0
0925 0945 0965  0.985 1.005  1.025 1.045 1.065 1.085 1.105
Tissue Density ‘p’ (g/cm?)

Figure 5. Variations in Klein-Nishina atomic cross-section o, with a changing density of tissue.
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4.5. Tissue Electron Density p. and Klein—-Nishina Atomic Cross-Section

The electron density pe of a tissue represents the number of electrons present per
unit volume of the tissue. Figure 6 shows the trend of changing Klein—Nishina atomic
cross-section with changing electron density of the breast, testis, ovary, blood, and eye lens.
An increase in the o, is observed with increasing electron density. The rate of change of ¢,
varies slightly with changing electron density but the variation rate is not a lot different
in different regions of p,. Overall, the Klein—Nishina atomic cross-section increases with
increasing electron density of tissues. The reason for this increase is that high electron
density means a greater number of electrons are available per unit volume in an atom of a
tissue. The availability of more electrons per atom provides more chances of interaction,

which gives a higher value of ¢,.

2.8

2.85 2.9 2.95 3 3.05 3.1 3.15 3.2 3.25

Electron Density pe (x 10 electrons/cm®)

Figure 6. Increase in the Klein-Nishina atomic cross-section with increasing electron density.

4.6. Compton Mass-Attenuation Coefficient o/p

The Compton mass-attenuation coefficient ‘o/p’ describes the probability of a photon
being attenuated through the phenomenon of Compton scattering, per unit mass of a
material or tissue. Figure 7 shows the variation in o/p as a function of the ratio of the
effective charge number to the effective mass number of breast, testis, ovary, blood, and
eye lens. Compton scattering occurs due to the interaction of a photon with an electron
in an atom, in such a way that the photon still retains part of its energy after interaction.
Thus, it is logical to understand that an increasing number of electrons and atoms in a
tissue will boost the phenomenon of Compton scattering in a tissue, and, hence, more
attenuation will occur through Compton scattering. However, in the present work, it has
also been investigated that the Compton mass-attenuation coefficient not only depends
upon the effective charge number Z.¢ due to electrons in a tissue, but it also has a strong
dependency on the ratio Zg/Aegr. The figure shows that the o/p increases rapidly for
lower Zqg/ Agg tissues with Zegr/ Ao < 3 and then becomes almost smooth with a very
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o/p (x 1076 cm?/g)

0.51
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0.47

0.46

0.45

0.44

slow increase for tissues with Z.¢/Aqg above 3. The trend of increasing o/p and then
becoming smoother is quantitatively different for different tissues, but qualitatively, it is the
same for all tissues. These results show that in considering the Compton mass-attenuation
coefficient, one should not only look for the Z.¢ of a tissue, but to obtain more accurate
results, it is mandatory to look at the ratio Z.¢/A¢. Additional work is needed on other
tissues to check if this 0/p dependency on Z.s/ A is valid in the same way for other
tissues too.

e=@mmBreast e=@==Testis em@meOvary e=@==Blood e=@=sEye Lens

Zeti [ Aet

Figure 7. Variations in the Compton mass-attenuation coefficient with changing Z.¢/ A of tissues.

5. Discussion

The interaction of X-rays of various energies with body tissues is very important from
a diagnostic imaging, radiotherapy, radiation dosimetry, and medical physics point of view.
The mode and importance of such interaction in various fields and applications might
be different, but without studying and understanding this radiation-tissue interaction
properly, many shortcomings and cons will be visible. This study provides very important
information to study the interaction of radiation with tissues properly. One must take the
effect of radiation energy, tissue effective charge number, tissue effective mass number,
and tissue density into account. These parameters also depend upon other characteristic
properties. For example, the density of a material or tissue is related to the electron density,
and the effective charge number is related to the linear attenuation coefficient, which
means one should consider several other such types of factors to completely understand
the interaction of radiation with tissues. The more such interaction-dependent factors are
explored and investigated, the better radiation delivery, radiation treatment, and the better
radiation shielding will be attained. Moreover, such interaction of radiation with tissues is
also important from exposure to environmental radiation and its effects on the human body.
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6. Conclusions

The interaction of X-rays with various body tissues, including human breasts, testis,
ovary, blood, and eye lens, is studied to identify multiple factors upon which such in-
teraction depends. Knowing such factors, controlled use of radiation can be achieved in
various important fields and applications. The Klein—Nishina cross-section per electron,
the Klein—Nishina cross-section per atom, and the Compton mass-attenuation coefficient
are the parameters considered in these interactions. The important factors upon which
the radiation interaction depends are the radiation energy, tissue effective charge number,
tissue effective mass number, and tissue density. The results obtained in this work provide
important and valuable information that can be applied to various practical applications
and fields.
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