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ARTICLE INFO ABSTRACT

Keywords The NIPAM offers significant potential for use as a three-dimensional
NIPAM gel, dosimetry dosimeter in advanced radiation activities. To investigate and delineate

gel, Zeff, gel/water- its radiological properties, we employed various methodologies.
equivalent, cross-

section Photon interaction cross-sections, mass energy absorption coefficients,

effective atomic numbers, mean values of Zeff, and gel/water
equivalence. Due to significant dependence on atomic number,
photoelectric absorption cross sections exceed those of water for
energies up to 10 MeV. The cross sections of Compton scattering and
pair formation for NIPAM gel are differentiated from those of water.
Photoelectric absorption is the primary mechanism of energy
absorption in this range, resulting in NIPAM's mass-energy absorption
coefficient being significantly higher than that of water. The principal
findings were juxtaposed with those of osseous and soft tissue
materials. The gel's Zeff has been found to correlate with water as
effectively as with any other material, including bone and tissue.
Dosimetry can be conducted utilizing NIPAM gel, which is considered
water equivalent for both keV and MeV, as demonstrated by our
results. These data suggest that NIPAM gel exhibits greater water

equivalency compared to bone and tissue.
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1. Introduction

The nuclear properties study of has attracted wide attention to understand the nuclear
structure from many researchers and photon reaction scattering cross-section is studied with
incident energy region [1] . In medical physics, dosimeters are very important in measuring
radiation dose, although there are different types of dosimeters including 1D, 2D, and more
recently 3D, which is an excellent gel dosimeter[2] because it has many advantages including
tissue equivalents, no energy dependence, lower dose rate dependence and also works like
reagents, which means no need for an energy perturbation correction factor[3] . The gel meter is
divided into two parts: a Fricke gel (inorganic) and a polymer gel (organic). Polymeric gels are
fabricated by gelatin, water, and building blocks called monomers such as acrylamide [4, 5], N-
isopropyl acrylamide (NIPAM) [6, 7], acrylic acid [8], and n-vinylpyrrolidone [9, 10]. When
radioactive sources are used, these monomers will be converted into a polymer called a polymer
gel dosimeter. The converted monomers are used to measure the absorbed dose using several
different techniques including magnetic resonance imaging (MRI), optical computed tomography
(CT), X-ray computed tomography (XCT), and ultraviolet-visible spectrophotometry (UV-vis)
[11-14]. From here, one can say that any material used in dosimetry must know its radiological
properties, such as the effective atomic number based on the effective attenuation coefficient and
the mass energy absorption coefficient. In this work, we will study and evaluate these radiological
properties for one of the labeled polymers used in dosimetry with a synthetic formula (CeH1:NO)
and a density of (1.13 g/cm®). The results will be compared with the other materials as bone and

tissue.

2. Experimental

2.1 Radiological properties

Several considerations must be taken into account when choosing the gel formulation used in
gel dosimeters. The first of these considerations is the extent to which the properties of the gel
used match those of water, so it is necessary to make the necessary comparison of some parameters
such as density, attenuation, stopping power, and effective atomic number [15]. Mosely was the
first to determine the atomic number and how it is fundamentally related to the rest of the various
properties of the element In photon absorption studies [16, 17], the dependence of these reactions
on the atomic number of the material was proven, which made the concept of the effective atomic
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number, whether the water is a mixture or a compound, clear since this factor represents the
attenuation property of the heterogeneous medium, which makes it helpful when making
comparisons between gels and their equivalent water/textile ratio . There are several studies in
which the Zesr of water was calculated with its equivalent gel when used in (radiotherapy
dosimetry) as in sources [4, 5]. Mayneor's calculations are mainly based on measurements of low
energy attenuation Also when comparing radiologic properties, Zesf is calculated to be taken into
account within a certain energy range, and reliance on energy data is now very important when
studying biological materials and other materials for the importance of dosimetry [18, 19]. In this
study, the effective atomic number Zess of NIPAM gel will be calculated as a function of energy
whose value will be from 10 keV to 10MeV. For comparison, Zess will be calculated for water, soft
tissue, and bone as there will be a difference between the curves over the energy range used and
cannot rely on a single value for Zefr and this single value will be suitable for some applications,

that require calculating or averaging the value according to the spectrum of the source used .

2.2 Theoretical Method Used in Calculations
When working on gel dosimetry, there were several methods used to determine Zes, including
the method of Maynard [20], who gave the electronic fraction of the element ith in terms of fi

where 2fi=1 within the equation used by [21]:

Z g :”{/Zfizim 1)

Also, the work of Spies [22] on the mass absorption coefficient of energy in tissues using the
expression used by Waters [23]for the photoelectric absorption coefficient, which is the linearity
of the expression used by Mayneayd in the effective atomic number, all that means that the
different reaction processes depend on the exponent m and therefore the calculation of Zef will
give different calculations The effect of different reaction processes affects the total cross-section
of the photon interaction with changing energy, and this is explained by Hine [24], where Zess must
be different for each reaction, where m=3.1 was used. for the photoelectric phenomenon and pair
production, respectively, between them[25] . Weber and Berge proposed m=3.4, 1.7, with Zes.
Many studies then appeared that used variable values of m to calculate Zesst and whenever the
energy limits do not include the large energy range, it must comparisons of radiative properties

within this large energy range, and all types of interactions must be made
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2.3 Zest calculations

Since the transport of photons within a material is highly correlated with the energy and atomic
number of the material [26] with the mass attenuation coefficient, this work will use the attenuation
coefficient data that will be calculated knowing that the energy range of the incident photon will
be from 10 keV to 10 MeV. The cross sections of NIPAM have been calculated from the synthesis
data shown in Table (1), knowing from these figures that at the low energy region of the absorption
edge k a jump in Zes values will occur due to the occurrence of photoelectric absorption at k
binding energies of the shell. Compounds with high Z numbers (50< Z) exhibit discontinuities in
the Zefr spectrum, so this issue does not arise for us because the atomic numbers in our study

compounds are (Z<20).

The effective atomic number, Zesf, was first calculated using the Mayneord formula with the value
of m=2.94 [27]:

Z eff — 2'9\4’ Zf i Z i2-94 (2)
i=1

where fi is the relative electron fraction of the i element. However, a single value for Ze may be
inadequate for mixtures or compounds over a range of energies [28]. The total number of atoms
of all types present in the compound. Elemental mass attenuation data over the energy range 1
keV-20 MeV were obtained from the NIST x-ray attenuation database [29]. The cross sections for
photoelectric absorption, Compton scattering, and pair production were obtained from the NIST
XCOM database [30]. The NIST x-ray attenuation database was also used to obtain elemental data
for the mass energy absorption coefficients over the energy range 10 keV-20 MeV, which is a
measure of the average reactions occurring within a material within a given unit area of mass [31].

Then, the NIPAM gel and water were calculated using the mixture rule [32]:

) Ny [H 3)
(pln E‘W'(plnj

Where (ﬁ j is the mass energy absorption coefficient of the compound and (ﬁ j is the mass
p en % enj

energy absorption coefficient of each constituent element in the compound, and w;_is the fraction
by mass of i element. To further investigate the water equivalency of NIPAM dosimetric

properties, the
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collisional, radiative, and total mass stopping powers for electron beams were also calculated using
the NIST ESTAR database over the energy range 10 keV-20 MeV [33]. The GAUSSIAN-09W
computer program were used for all calculations and Gauss View 5 molecular visualization
programs. One of the oldest and most popular exchange-correlation functionals, the B3LYP hybrid
functional, incorporates Lee, Yang, and Parr's correlation functional as well as Becke's three-
parameter exchange functional in the DFT calculations

3. Results and discussion
3.1 Effective Atomic Number

Within the energy range (10 keV-10MeV), Zess was calculated for water, NIPAM gel, bone,
and Tissue, since water is included in all these materials, it is necessary to evaluate the water
equivalence, so the ratio of Zesr values for each material to Zess values for water within the same
energy range was calculated, and this is shown in Figures 2 and 3 to show or interpret these figures,
the studied materials have 20=>z and almost have the same composition, we will notice that the
figures are roughly similar as the energy changes. Water has Zes as in Figure (1), while other
materials showed similarity in the Zef spectrum of water with energy with a small difference that
may reach an exponential ratio as in Figures (1) and (2), where the Zefr decreases sharply at an
energy close to 100 KeV and then remains fairly constant, which is due to the dominance of the
Compton effect where the cross section depends linearly on the atomic number Z at about 1. 25
MeV the probability ratio for a larger pair formation process will appear and Zefs will increase .
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Figure 1: The water effective atomic number for energy range 0.01 keV to 10 MeV
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For deviation and depending on the appropriate application for each material and the extent of
approximation allowed in the formation of single systems for Zesr is very appropriate and will
therefore take into account the average values of Zes within a certain energy range for a radioactive
source where three radioactive sources were used to see that their effect on the value of Zesr, namely
%0Co, 121 and 2Ir for NIPAM, Table (3). The average value for Zes was at 106 eV energy for the
photon spectrum as measured by Mohanetal This result when compared to the value Zess =7. 37

according to equation (1) and using m=3.5
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Figure 2: Comparative of Zes for each material over energy range.
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Table 3: Physical Densities and Zeff for materials, after radiation radioactive sources

Material | Source p (g.cm®) Spectrum weighted of Zeff Mean Zeff
Water 0Co 1.00 3.3349 1.82366
125) 2.26813 2.85255
192, 3.29238 3.25494
NIPAN %Co 1.13 3.38997 1.85326
125 2.27704 2.8594
192, 3.345606 3.03668
Bone Co 1.92 4.17641 2.28688
125, 3.62483 4.49963
192, 4.18919 4.30700
Tissue Co 1.04 3.43471 1.87797
125, 2.31870 2.90992
192, 3.39108 3.35385

3.2 Gel-Water Equivalence

Here we will use the comparison of mass attenuation coefficients where Zet values depend on
them and thus Gel/water equivalence can be discussed. We calculated the result of Zes(water) /
Zest (material) and as in Figure (3) where it is clear that the ratios are close to water except for bone
as it has Z >20 and by adopting the change in (test by drawing) Zess which is equivalent to the
change in the mass attenuation coefficients for photon energy, we found that NIPAM gel is more
compatible with water than tissue, although there is a slight difference in Zes values for both water
and NIPAM gel.
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Figure 3: The result of Zeff(water) / Zeff (material)
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The variation of the mass attenuation coefficient, ( 7 p)en , Figures (4), calculated at the energy

range of incident photon between 0.1 MeV and 100 MeV for four NIPAM gel dosimeters and

water. It can be seen from the figure that ( 7 p)en it decreases rapidly as the energy increases

from about 0.01 MeV and then starts to slow down. It can be shown in Fig. (4, a) that the rapid
decrease at lower energies is due to the photoelectric absorption occurring within the material,
where the cross-section of the photon interaction depends on the atomic number of the lower
energies. Photon processes in matter are of great importance in medical applications as the cross-
sections of these reactions at the energy of the incident photon show us the absorption edge where
these cross-sections are interrupted. So, from Fig. (4,b) the sum of the interaction coefficients for
the individual processes represents the total attenuation coefficient, and one can see the total

interaction cross sections of a photon with NIPAM gel where the Compton scattering is dominant.
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Figure 4: (a) Variations of the mass attenuation coefficient of NIPAM gel dosimeters compares
with water as a function of energy. (b) The total cross-section of each photon interaction

with matter

Partial reactions with three possibilities are shown in Figure (5) for NIPAM gel synthesis for
the energy range of 1 keV to 10 MeV. The figure shows that the photoelectric absorption is
negligible at 30 keV due to the dependence of the photoelectric absorption on the atomic number
(Z3). As the energy is increased, there is an appearance of the Compton resonance, which is offset
by a decrease in the photoelectric interaction due to attenuation. This dominance remains until
above 10 MeV, but it starts to decrease gradually at 2-4 MeV due to the attenuation due to the
effective atomic number, and at higher energies, the Compton chirality starts to increase and up to
8 MeV the probability of this reaction starts to decrease as it is attributed to the decrease in the
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cross-section at higher energies and thus the relative importance of the electron-positron pair
production reaction increases, peaking at 10 MeV. This increase in the pair production probability

is consistent with the effective atomic number of the gel.
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Figure 5: NIPAM dosimeter gel fractional interaction probabilities.
4. Conclusions

In this work, the Zeff of NIPAM gel was studied as a function of energy for water and compared
with three materials: bone, water, and tissue and it was found that the Zeff of the gel corresponds
to water almost better than tissue and bone, taking into account and neglecting the small difference
in Zeff values between NIPAM gel and water and applications that require obtaining a single value
of Zeff, it must be selected according to our calculations that include qualitative or average values
of Zeff. A single Zeff value should be chosen according to our calculations, which include
qualitative or average Zeff values, and for the purpose of comparison, gel dosimeters or their
(radiological) properties should take into account the reaction processes occurring within the

water, whether macro or molecular, within the range of energy used.
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