Effective Atomic Numbers and Electron Densities of Some Human Tissues,
Tissue Substitute Substances and Water for Proton, C and O Heavy Charged
Particles Interaction in the Energy Range 10 keV - 1GeV

Maria S. Abdelrahim?!
A. H. Alfak?!

H. S. Bush?®

S. Eltahir Ali*

KH. M. Haroun?

A. M. Ibraheem?

1Sudan University of Science and Technology, Khartoum, Sudan
2Alzaim Alazhari University, Khartoum, Sudan

3Islamic University of Madinah, Madinah, Saudi Arabia

4Taif University, Taif, Saudi Arabia

Abstract. Various parameters of dosimetric interest such as effective atomic
numbers and electron densities have been used to evaluate the water and tissue
equivalence of some human tissues. Such as adipose tissue (ICRU-103), Lung Tissue,
ICRP and muscle, skeletal (ICRP-ICRU 201), muscle, striated (ICRP-ICRU-202), Bone
compact (ICRU-119), Bone, Cortical (ICRU-120), and six substitute substances, A-150
ICRU-099, LN10-75 LUNG, MS20 (ICRU-200), Muscle Equiv. Liq. with Sucrose (ICRU-
203), Muscle Equiv. Lig. without Sucrose (ICRU-204), and B100 (ICRU-111). These
parameters were computed for the total interactions with Proton, C ion and O ion in the
wide energy range of 10KeV - 1GeV. The water and tissue equivalent properties have
been investigated with respect to Zet and Ne values to evaluate their ability to be used
with heavy charged particles applications. Some conclusions were drawn depending on
variation of Zest throughout the energy range and tissue and water equivalency. Data
reported here should be useful in determining best water and the best tissue equivalent
substances for proton, C and O ion interaction within the energy range specified.

Key words: effective atomic number, electron density, heavy charged ions, water
equivalence- human tissues, tissue substitutes, and SRIM code.

Introduction

With the increasing use of charged particles in various fields such as industry,
medicine and agriculture, the study of their interaction with different composite materials
has become an important issue for radiation physicists. For practical applications in
medicine, therapy and diagnosis it is important to study charged particle interaction with
dosimeters, human tissues, and substitutes which are used to simulate the human tissues
and organs in diagnostic and therapeutic radiology. Charged patrticle therapy (CPT) is
currently based on the use of protons or carbon ions for the treatment of deep-seated
and/or radio-resistant tumors, which offer significant advantages in comparison to
conventional megavolt photon therapy, because of the radiobiological advantages (depth
to dose distribution, reduction of radiation dose in patients’ body, smaller sensitivity for
oxygen-depleted tissues). Charged particles now in use in CPT are 'H, “He, 1°C, and %0,
which are considered the most relevant candidates for advancing particle therapy, and is
presently available in the most advanced particle therapy clinical centers (Tommasino et
al., 2015: 429-438). There are various parameters used to characterize the materials in
terms of radiation response such as mass stopping power for electrons, protons and
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heavy ions, from which other parameters of dosimetric interest like effective atomic
number and electron density could be derived; these help in the basic understanding of
radiation interactions with multi-element materials. It was pointed out by Hine (1952: 725)
that the effective atomic number cannot be expressed by a single number due to the
different partial interaction processes at different energy regions and the various atomic
numbers present in the compound have to be weighted differently. Effective atomic
number (Zer), for multi-element materials, is calculated from the atomic numbers of the
constituent elements, weighted according to the different partial interaction process by
which the ion interacts, so it is an energy-dependent parameter (Murty, 1965: 398-399).
Closely related to effective atomic number, is the electron density, Ne, which refers to the
number of electrons per unit mass of a multi-element material, and it represent the
probability of finding an electron at a particular point in space.

It becomes a common practice to study the radiological properties of materials such
as dosimeters, human tissues and phantom material, with respect to their effective atomic
number and electron density, and use them as a tool for evaluation of radiation
equivalence of two materials, that is water equivalence and tissue equivalence of tissue
and tissue substitute (Parthasaradhi et al., 1989: 653-654).

In literature several studies of Zef and electron density Ne of human tissues, and
substitutes are been carried out for electron, proton and He ion in a wide range of
energies (Kurudirek, 2016: 508-520; Kurudirek, 2014: 1-7), for other ions these studies
was done within limited energy range. There is a need of studying these parameters for
the interaction of heavy charged particles such as Proton, He, C and O ion and other ions
that has important rule in radiotherapy. This is the motivation behind this work.

In this paper, radiological properties of some human tissues were investigated with
respect to their effective atomic number and electron density for Proton, C, O ion total
interaction, in the energy range 10KeV — 1GeV. Variations of atomic number and electron
density with energy have been investigated. In addition, water and tissue equivalence of
the material have been investigated.

Material and Methods

The elemental composition of Adipose Tissue (ICRP ICRU-103), Muscle, Skeletal
(ICRP ICRU-201), Muscle, Striated (ICRP ICRU-202), Bone, Compact (ICRU-119), Bone,
Cortical (ICRP ICRU-120), A-150 Tissue-Eqgiv. Plastic (ICRU-099), MS 20 Tissue
Substitute (ICRU-200), Muscle Equivalent Liquid with Sucrose (ICRU - 203), Muscle
Equivalent Liquid Without Sucrose (ICRU - 204), B-100, Bone-Equivalent Plastic (ICRU-
111) and Water was obtained from compound dictionary available within SRIM program
(Ziegler, 2020), Lung Tissue, ICRP (White, 1989) and LN10-75 LUNG was obtained from
(Singh and Gagandeep, 2002: 442-449).

In order to calculate Z.fr using interpolation method, SRIM code (Ziegler, 2020) has
been used to obtain the elemental mass stopping powers within ion energy range 0.01-
1GeV, spanning the minimum and the maximum elements present in the considered
materials. The mass stopping power for each material was then calculated using Bragg’s
additive rule, and the Stopping cross sections (0 tssue) Were then obtained by dividing
mass stopping power of the tissue by the total number of atoms present in one gram of
the material. Finally, Zet values were calculated by the linear logarithmic interpolation of
Z values between the adjacent elemental stopping cross section data. This calculation
done following procedure adopted by Kurudirek (Kurudirek, 2014a: 1-7; Kurudirek, 2014b:
130-134; Kurudirek, 2014c: 139-146; Kurudirek and Onaran 2015: 125-138). The electron
density Ne of the tissues has been calculated using the formula:
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N, = Zsr Ny/(A) (electron/g)

Where Na is the Avogadro’s number and (A) is the relative atomic mass of the
tissue. The uncertainties in the present work base on the uncertainties arise in derivation
of stopping powers derived from SRIM software.

Tissue and water equivalence of substances under study is expressed as relative
difference percent, as follows:

Zess(Material) — Z,rr(Water)

RD% =
o Zesr(Material)

Results and Discussion

The variation of effective atomic number (Zetr) and electron density (Ne) with energy
for proton, C and O ion total interaction in the energy range 0.01KeV — 100MeV, are
shown graphically in Fig. 1 and Fig. 2, respectively.
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Fig. 1.Variation of Zer and Ne soft tissues and muscles with H, C and O ion energy
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Fig. 2.Variation of Zet and Ne Bones compact, bone cortical and B-100, Bone-
Equivalent Plastic (ICRU-111), with H, C and O ion energy

For Proton interaction, Zet has minimum values at lower energies and makes peak
between 0.13 and 0.17 MeV, it start to increase again after 1 MeV and then keep
constant. For C and O ion interaction, high values where observed at low ion energies,
and in relatively high energies at (7.0 - 8.0 MeV) for C ion and 10 MeV for O ion. The
minimum values are observed at intermediate energies of (0.8-1.0 MeV) and (1.1-
1.4MeV) for C and O ion respectively.

For materials under study, highest value of Z+ were observed for LN10/75 LUNG
for all ions and MS-20 (ICRU 200) for proton interaction only. Meanwhile lowest Zes values
were observed for Adipose Tissue (ICRP ICRU-103) for proton interaction and at
energies greater than 1.0 MeV of C and O ion interaction. Lung Tissue ICTP, Muscle,
Equiv. Lig. Without Sucrose (ICRU-204) and Muscle, Skeletal (ICRP ICRU-201)
possesses lowest values for C and O ion below 1.0 MeV. In general, peaks were shifted
towards higher energies with increasing atomic number of ion. As shown in Fig. 1. and
Fig. 2, itis clear that variation of electron density Ne have same trends as variation of Zeg,
as expected.

Tablel. Below shows basic statistical information on Zer and Ne dependence on
incident ion energy. The highest variation in Ze for ion interaction is 35% (Tissue
Substitute MS-ICRU-200), 33% (Lung ICRP) and 33% (Lung ICRP and Skeletal (ICRP
ICRU-201)) for Proton, C and O ion respectively

Table 1. Statistical information on Zett and Ne of human tissues and substitutes for
Proton, C and O ion interaction, (1) Adipose Tissue (ICRP ICRU-103), (2) Lung Tissue,
ICRP (3) Muscle, Skeletal (ICRP ICRU-201) (4) Muscle, Striated (ICRP ICRU-202), (5)

Bone, Compact (ICRU-119), (6) Bone, Cortical (ICRP ICRU-120) (7) A-150 Tissue-
Equivalent Plastic (ICRU-099), (8) MS_20 Tissue Substitute (ICRU-200), (9) LN10-75
Lung, (10) Muscle Equivalent Liquid with Sucrose (ICRU - 203), (11) Muscle Equivalent
Liquid Without Sucrose (ICRU - 204), (12) B-100, Bone-Equivalent Plastic (ICRU-111),

(13) Water
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S.N [Proton Cion Oion

Z«& |Mean |STD |Min | Max Mean | STD |Min | Max Mean |STD [Min | Max
1 |28 |014 |250 |295 303 | 028 |250 | 3.28 304 |028 |250 | 328
2 | 313 [(033 (241 344 317 | 033 |250 | 357 317 |0.33 |250 | 357
3 | 314 |033 (242 |345 316 | 032 |250 | 355 317 |033 |251 | 357
4 | 318 |0.34 |245 348 316 | 032 |250 | 355 316 |0.32 |250 | 353
5 | 413 |0.23 |3.60 [4.38 379 | 044 |293 | 441 378 1[043 |294 | 441
6 | 481 |0.39 (386 |525 432 | 067 (332|518 431 |066 |3.33 | 518
7 | 302 (020 |259 |3.39 321 | 029 |264 |344 322 029 |264 | 344
8 | 342 |0.35 |266 |397 348 | 029 |279 |3.70 348 |0.29 |2.80 | 3.70
9 | 336 |0.33 (265|388 344 | 029 (277 | 366 344 1029 |2.78 | 3.66
10 | 318 |0.34 (244 | 347 319 | 030 |255 |355 320 |0.32 |253 | 359
11 | 312 |0.32 |242 (342 316 | 032 |249 | 355 316 |032 |250 | 354
12 | 396 |017 |361 [4.26 372 | 036 |292 412 372 |036 |292 | 412
13 | 299 |031 234 (331 313 | 046 (240 |517 304 |032 |241 | 343
SN Proton . )

(Hion) Cion Oion

Ne |Mean |STD |Min | Max Mean | ST |Min | Max Mean [STD [Min | Max
1 | 145 |007 |129 |152 156 |0.15 [1.29 | 180 157 (015 (129 | 1.79
2 | 133 (014 |102 |146 134 |014 106 | 151 134 |0.14 |106 | 151
3 | 134 |014 |103 (147 135 |014 107 | 152 136 |0.14 |107 | 153
4 | 136 |014 |1.04 (149 136 |014 107 | 152 136 |0.14 |107 | 1.52
5 | 134 |007 |117 (142 123 |014 |095 | 143 123 |0.14 |0.95 | 143
6 | 136 (011 |109 |148 122 |019 [094 | 146 122 |0.18 |094 | 146
7 | 154 (010 |132 |1.73 164 |015 [1.35 | 186 164 |015 135|185
8 | 152 |016 |1.19 (1.77 155 |014 124 | 167 155 |0.13 |1.25 | 167
9 | 152 (015 (120 |1.75 155 |014 125 | 168 155 |013 |125 | 168
10 | 138 |015 |106 (151 139 |014 111 |155 139 |0.14 |110 | 156
11 | 135 |014 |105 (148 136 (014 (108 | 154 037 |0.14 |108 | 153
12 | 136 |0.06 |1.23 [146 128 |012 |100 |141 12 (012 |100 |141
13 | 126 |013 |099 [1.39 132 |020 [1.01 | 217 128 |0.14 |101 | 144
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The Ze difference percent relative to water (DR%) has been also calculated to
evaluate degree of water equivalence of the given substances for different ions
interaction, and represented graphically in Fig. 3. It has been observed that A-150 Tissue-
Eqiv. Plastic (ICRU-099), Muscle Equivalent Liquid Without Sucrose (ICRU - 204),
Skeletal (ICRP ICRU-201), Muscle, Muscle Equivalent Liquid with Sucrose (ICRU-203)
and Muscle, Striated (ICRP ICRU-202), have the best water equivalence in the entire
energy range with relative difference of <-3%, <4%, <5%, <5%, <6% for H ion. Also, Lung
Tissue, ICRP, Muscle, Striated (ICRP ICRU-202), Muscle Equivalent Liquid with Sucrose
(ICRU - 203), Muscle Equivalent Liquid without Sucrose (ICRU-204) show diff. of <5%
through entire energy range for C, and O ion.
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Fig. 3. Differences in Zes of tissues and muscles relative to water

The Ze difference percent relative to tissue (DR %) has been also calculated for
some tissue of human organs relative to tissue substitute and shown graphically in Fig. 5.
It is found that A-150 Tissue-Eqiv. Plastic (ICRU-099), simulates Adipose through the
entire energy range for all ions studied, with differences less than 6% while shows high
differences (up to 15%), for H ion in the energy range of (0.01-1.0 MeV). Also, LN10/75
Lung shows good tissue equivalence with Lung Tissue ICTP with differences less than
5% at energies of (2-1000MeV), (3-1000MeV), (5-1000MeV) for H, C and O ion
interaction, high difference up to (26% at 0.1 MeV), (22% at 0.14MeV) and (21% at
0.18MeV) is observed for proton, C and O ion respectively, mean while full matching is
observed around 100 MeV for C and O ion. Muscle without matching well with muscle
skeletal and muscle striated with relative differences of <1.0% and <3% for H ion, < 0.6%
and 0.1% for C ion, and 0.1% for O ion ,with slightly high differences at 0.1-10MeVfor
both C and O ion. With respect to with sucrose, differences of 2% - -4% were observed
at energy of (0.1-3.0MeV) for H and C ion, and difference is almost Zero for the rest of
the energy regions. B100 shows well matching with compact 119, with low differences of

EUROPEAN JOURNAL OF SCIENTIFIC EXPLORATION H



<5% for H ion, and between -4% at low energies below 1.0 M eV and 6% for the rest of
range for C and O ion.
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Conclusion

The effective atomic number and electron density of tissue and tissue substitute
substances have been calculated in the energy rangel0KeV-1GeV for H, C and O ion
total interaction.

We have shown that variation in Zeft values is observed in the entire energy region
from 10 keV to 1GeV.

The lowest values of Zet were obtained in LN /75 LUNG for all ions, whereas the
highest values were obtained in Bone cortical and bone compact These high values are
due to the presence of high Z element (Ca, Z =20) with relatively high weight fraction
within its constituents.

The maximum values of Zest depends on ion type and shift towards higher energies
with increasing of the atomic number of the incident ion.

Electron density is closely related to the effective atomic number and has the same
guantitative energy dependence as Zef

The water and tissue equivalence properties of the given substances have been
compared for different types of ions (H, C, and O ion).

A-150 Tissue-Eqiv. Plastic (ICRU-099), Muscle Equivalent Liquid Without Sucrose
(ICRU - 204), Skeletal (ICRP ICRU-201), Muscle, Muscle Equivalent Liquid with Sucrose
(ICRU-203) and Muscle, Striated (ICRP ICRU-202), have the best water equivalence in
the entire energy range with relative difference of <-3%, <4%, <5%, <5%, <6% for H ion.
Also, Lung Tissue, ICRP, Muscle, Striated (ICRP ICRU-202), Muscle Equivalent Liquid
with Sucrose (ICRU - 203), Muscle Equivalent Liquid without Sucrose (ICRU-204) show
diff. of 5% through entire energy range for C, and O ion.
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It is found that A-150 Tissue-Eqiv. Plastic (ICRU-099), simulates Adipose Tissue
ICRU 103 very well in the entire energy region for H, C and O ion interaction, except in
the range of 10KeV-1.0 MeV for H ion interaction.

LN10/75 Lung shows good tissue equivalence with Lung Tissue ICRP with
differences less than -5% for all ions, in the energy range 3MeV-1 GeV.

Muscle without was found to be equivalence to muscle skeletal and muscle striated
with relative differences +/-1.0%

With respect to with sucrose, differences of 1% - -1% were observed at energy of
(0.1-3.0MeV) for H and C ion, and difference is almost Zero for the rest of the energy
regions.

Data reported here gives essential information about interaction of different types of
charged particles with different materials and could be useful in the energy range
specified.
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