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Abstract. The radiation in biological tissues is considered. It is studied how the
kind of a biological tissue determined by its chemical composition and physical
characteristics, as well as the beam parameters, affect the radiation depth-dose
distribution. Numerical results are obtained using the application using the soft-
ware package Geant4. The results of our simulations may be used for better
understanding of processes that play a crucial role in hadron therapy. The ef-
ficiency of hadron therapy is based on the Bragg peak phenomenon and more
precise localization of the biological effect of a therapeutic beam.
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1. Introduction

Beams of elementary particles and nuclei are widely used in many areas of tech-
nology, science, medicine etc. Therefore, the problems of accelerators design and
the control of particles beams [1] are of significant importance. Understanding of
the interaction of a particles beam with the target medium is also important from
the practical point of view. Among the areas of application the design of radia-
tion defence constructions for accelerators and space exploration systems should be
mentioned.

The radiation therapy is an efficient method of the cancer treatment. Clinical
practice shows that its efficiency in many cases exceeds 50 % [2]. To improve the
efficiency of radiation therapy it is necessary to deliver most of the radiation dose
to the malignant tumor volume. At the same time, the surrounding tissues should
obtain as little irradiation as possible. In conventional radiotherapy the beams
of high-energy photons and light particles are used. The drawback of using the
photons is that their energy deposition profiles have a wide smooth distribution
under the surface of a specimen. So, if some deeply embedded tumor must be
irradiated, healthy tissues will be also damaged.

The dependence of the absorbed dose upon the distance of a beam penetra-
tion for heavy charged particles (protons and heavy ions) has the form of a curve
with the Bragg peak caused by sharp energy transfer at the end of the particle
trajectory [3], [4], [5]. The biological effect of heavy charged particles is nearly the
same as that of photons, but sharp localization of the dose absorbed improves the
treatment efficiency [6], [7].

An important characteristic of the beam interaction with medium is its energy
loss per unit path length (stopping power) or the linear energy transfer (LET):

dE
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The theory of stopping power is under development for a long time [8], [9].
Analytical results have been obtained for the cases with simple target geometry
and homogeneous medium, the target consisting of a single chemical element. The
Bethe-Bloch formula defines L under such assumptions [10]:
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where z is the charge of the incident particle, Z and A are the atomic number and
mass of the target medium. [ is the mean excitation energy of the target atom,
d(B7) is the density effect correction to the ionization energy loss, S and v are
relativistic factors. T),4. is the maximum kinetic energy which may be delivered to
a free electron in a single collision.

Due to a lot of processes which have to be taken into account, the complex
chemical composition of biological tissues, the heterogeneity of the target, and the
complicated static and dynamic geometries, the most reliable results may be ob-
tained only by means of mathematical modelling and computer simulation methods.
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At the same time the standard test case is a cube target filled by water or other
homogeneous medium.

In the present paper the results of systematic study of LET profiles in biological
tissues are presented. The treatment of deep-seated tumors requires ion beam
energies up to nearly 200 MeV /u for protons and light ions, and 400 MeV /u for
carbon ions. Within this range of energies LET is dominated by inelastic collisions
with the target electrons. In our simulations the fragmentation of heavy ions was
not taken into account. The fragmentation leads to the appearance of a small tail
after the Bragg peak. Firstly, the computer simulation results were verified by
comparison with the experimental data. Then the dose-depth distributions were
calculated for mixtures of water and some chemical elements. The LET profiles
were computed for biological tissues in uniform specimens. Dependencies of the
Bragg peak characteristics on the beam parameters and the kind of biological tissue
were derived from these results. The estimates of widening of the dose distribution
broadening in the transverse plane were also obtained.

2. Computer simulation

Monte Carlo simulation methods are efficient methods of study of complex models
when it is necessary to take a lot of processes, the complex geometry of a target
and its heterogeneity into account. The simulation methods also may be used for
testing the Treatment Planning Systems, in the process of developing hardware for
centers of hadron therapy [11], [12], [13] etc. The Monte Carlo simulation may
be time-consuming but it allows one to get the results with minimum of aprior:
approximations. The reliability of Monte Carlo simulation results was confirmed
by many studies [14], [15].

There are software packages for Monte Carlo simulation which are based on
semi-empirical models of the transport of elementary particles and ions in targets
with any given geometry, physical properties and chemical composition. The most
widely used packages are GEANT4 (GEometry And Tracking, 4th version) [16],
Fluka (Fluktuierende Kaskade) [17], MCNPX (Monte Carlo N-Particle) [18] etc.
We used Geant4.9.5 in our numerical studies.

GEANT4 is a set of libraries of C++ classes. The input data for modelling
include [19]: the sort of particles, their mass, spin, energy, momentum and polar-
ization, the beam characteristics, and the set of physical processes which have to be
taken into account. The geometry, physical properties and chemical composition of
the target also should be given. Geant4 allows getting detailed information about
the interactions of primary and secondary particles with the medium.

The targets with pure water are used in radiation therapy as a reference for the
sake of comparison with the results for biological tissues (soft, adipose, bones, lung
and glands tissues). The chemical composition of biological tissues is defined ac-
cording to standards of the Committee on Medical Internal Radiation Dose (MIRD)
of the Society of Nuclear Medicine and Molecular Imaging, where the method of
calculating the absorbed doses for internal human organs was developed [20].
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Figure 1: Geometry of the computational experiment.
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Figure 2: Comparison of experimental (dots) and computed (squares) dose-depth
distributions for the carbon ion (*2C) beam with energy 200.2 MeV/n in HDPE.

The geometry of the simulated experiment is presented in Fig. 1. The target is
cube with the side length of 10 centimeters.
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Figure 3: The absorbed dose distribution in a mixture of water and chemical ele-

ments for the carbon ion (*2C) beam with energy 150 MeV /n.

Table 1: Chemical composition and density of biological tissues

Adipose Gland Lung Bone Soft
Density,
g/em? 0.93 1.04 0.2958 1.4862 0.9869
H 1.12x 107" 1.0x 107"  1.021 x107* 7.04 x 1072 1.047 x 10!
C 6.19 x 1071 1.84 x 10~* 1.001 x 10~! 2.279 x 107! 2.302 x 107!
N 1.7x1072  32x1072 28x 1072 3.87 x 1072 2.34 x 1072
@) 251 x 107' 6.79 x 107" 7.596 x 107" 4.856 x 107! 6.321 x 107!
Na - - 1.9 x 1073 3.2x 1073 1.3 x 1073
Mg - - 7.4 %107 1.1 x 1073 1.5 x 1074
P 25x107*  1.25x 1073 81 x 10~* 6.94 x 1072 2.4 x 1072
S 25x107*  125x1073 23 x 1073 1.7 x 1073 2.2 %1073
Cl - - 2.7 x 1073 1.4 x 1073 1.4 x 1073
K 25x107*  1.25x 1073 2.0x 107°° 1.5 x 1073 2.1x1073
Fe - - 3.7 x 1074 8.0 x 107 6.3 x 107
Zn - - 1.1 x107° 4.8 x 1075 3.2x107°
Rb - - 3.7x107% - 5.7 x 1076
Sr - - 5.9 x 1078 3.2x107° 3.4 x 1077
Zr - - - - 0.8 x 107°
Pb - - 41 x 1077 1.1 x107° 1.6 x 1077
Ca 25x107*  1.25x107% 7.0x10°° 991 x 1072 -
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Figure 4: The absorbed dose distribution in water, adipose, lung and bone tissues
for the proton beams with different energies.

The comparison of the numerical results with the experimental data from the
NASA Space Radiation Laboratory for HDPE, the high-density polyethylene [21], is
presented in Fig. 2. The Bragg peak is reproduced and the agreement of simulation
results with experimental data is good. It confirms the correctness of the physical
model used in our calculations.

L was computed for mixtures of water and chemical elements (Cl, Na, Pb,
Pt, S and Zn), which are constituents of biological tissues or medicines used in
chemotherapy. The target cube is filled by the homogeneous mixture of water and
15 milligrams of a chemical element. The sample size in Monte Carlo simulations
corresponds to the irradiation of the target by 1000 carbon ions. The beam energy
is 150 MeV per nucleon. This value is in the medical interval of beam energies.
The plots of the absorbed doses are presented in Fig. 3.

It is seen from Fig. 3 that the Bragg peak position depends on the atomic
number of the admixture. The depth of the Bragg peak localization is greater for
heavier elements.

In the simulations of beam interaction with biological tissues the target cube is
filled by a homogeneous medium. The sample size corresponds to 10000 protons.
The chemical composition of tissues is given in Table 1. Any tissue is considered
as a simple mixture of chemical elements.
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3. LET profiles in biological tissues

The results of the computation of LET profiles for water, adiposis, lung and bone
tissues are presented in Fig. 4. The proton beams were considered with the energies
from 10 to 130 MeV changing with the step equal to 10 MeV.

The Bragg peak is characterized by its distance from the target surface, the
energy in the maximum and the width of the peak at half-maximum level. It is
seen from Fig. 5 that the difference of peak positions in the tissue and pure water
increases when the depth of localization increases. The difference is significant in
the length scale of a human body. For less dense media such as the lung tissue, the
shift is positive and for denser medium (the bone tissue for example) it is negative.
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Figure 5: The difference of the Bragg peak position in biological tissues and water
for the proton beams with different energies.

The width of the Bragg peak characterizes the precision of the dose deposition
in a target. The results of our simulations (see Fig. 6) demonstrate that the peak
width decreases in denser medium. It also depends on the energy of the incident
beam and increases for higher energies. As to the height of the Bragg peak, it goes
down when the beam energy increases.

We also studied the transverse widening of the Bragg peak in the plane, perpen-
dicular to the beam direction. In Fig. 7 (left) the transverse broadening of Bragg
peaks in water is shown for the set of initial energy values of a proton beam. In
Fig. 7 (right) the transverse broadening of the Bragg peak in water, lung and bone
tissues is displayed. It is seen that the transverse broadening is nearly the same
for the tissues with different densities. It depends only on the energy of the proton
beam.
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Figure 6: The width of the Bragg peak in biological tissues and water for the proton
beams with different energies.
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Figure 7: Transverse LET profiles in water (left) and tissues (right) for the proton
beams with different energies.

4. Conclusion

Computer simulation study of interactions between proton beams and different
kinds of media including biological tissues was performed using the application
developed in the environment of the Geant4 software package. The plots of absorbed
radiation doses versus penetration depth demonstrate the Bragg peak and agree
with the experimental data. The main attention in our study was focused on how
the kind of medium, its chemical composition, and the characteristics of the beam
affect the depth of the Bragg peak localization and its width. The results for the
pure water target and targets filled with simple mixtures of water with different
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chemical elements are obtained. The systematic study of proton beams interaction
with biological tissues is also performed. It was observed how the energy of the
incident beam and the kind of biological tissue affect the depth of the Bragg peak
localization and its width both in the beam direction and in the transverse plane.
These results may be used for improving the efficiency of treatment planning in
hadron therapy. In more realistic models non-uniformity of chemical composition
and physical properties of biological tissues inside the human body should be taken
into account.
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