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Abstract— Accurate determination of the protons energy in
radiotherapy planning can be achieved if the stopping power of
protons to specific body tissue are known. The Bethe-Bloch
equation greatly aid the understanding of how to calculate the
stopping power from the physics point of view, but not so
practical and easy to be applied on radiotherapy planning
system that involves many computational calculations and
computer programming. In this paper we present a numerical
equation for mass stopping power of protons in four types of
human body substance, i.e. water, bone, muscle and tissue. The
equation was obtained by fitting the data values obtained from
SRIM program. By using the numerical equation, then the
algorithm programming is expected to become simpler and
easier.
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l. INTRODUCTION

Radiotherapy is one of the important methods in the
treatment of cancer. Radiotherapy with proton beam has
several advantages compared with radiotherapy with X-rays
(high energy photons). After a short build-up region, X-
rays radiation shows an exponentially decreasing energy
deposition with increasing depth in the medium. In
contrast, protons show an increasing energy deposition with
penetration distance and leading to a maximum, called the
“Bragg peak”, near the end of range of the proton beam [1].
The energy of proton then can be set so that the Bragg peak
occurs at the cancer location. Thus the cancer tissue receive
doses much higher than the healthy tissue around it.
Radiotherapy with proton beam has been done and the
results indicate that treatment with proton beam does have
clinical advantages compared with conventional therapy with
X-rays [2][3][4][5].

Determination of proton energy corresponding to the
location of the cancer become an important requirement in
proton radiotherapy. The Bragg peak is very narrow so if
shifted from the desired target will couse healthy tissue to
exposed very high doses. The location where proton will
stopped is closely related to the amount of stopping power of
the medium through which it passes, which is a measure of
how much energy is lost given to the medium. The
magnitude of the stopping power depends on the proton
energy and the type of the target medium. By definition,
stopping power is energy loss per unit of distance traveled in
the target medium. So by knowing the stopping power of
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protons in the medium, the position of the proton can be
predicted.

In the radiotherapy with human body, medium that
should be considered is water, bones, muscles, and tissues.

Il.  THEORY, RESULT AND DISCUSSION

Equation of the stopping power for an heavy ion in a
homogeneous medium was obtained by Bethe using
guantum mechanics [6],
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where k, =8.99x 10 N.m .C*, z = atomic number of

heavy ion, e = electron charge, n number of electrons
per unit volume of the medium, m = electron rest mass, ¢
speed of light in vacuum, g =the ratio of the speed

of ion to the speed of light, and I mean excitation
energy of the medium. Equation (1) is not valid for
low-energy ions, when the ion velocity is much smaller
than the speed of the electron orbit. For energies smaller
than 25 keV, stopping power equation was proposed by
Fermi and Teller, and for energies above 100 keV, Bohr
proposed an equation based on the Thomas-Fermi atomic
model [7].

In designing a computer software that will be used in
proton radiotherapy planning, it would be easier if there is an
equation that is applicable to all energy regions. If that
equation does not exist then the code will be longer and more
complicated because each step the program must decide
which equation to be used according to the proton energy.
Singh [8] propose an empirical equation to obtain the mass
stopping power for protons at 0.5 Mev to 200 MeV
energy range in biological human body substances such as
water, bone, muscle and tissue. Empirical equation
proposed by Singh is
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mass stopping power =y, + Ae[_gj )

where y, , A and t are constants obtained from the
exponential fitting of empirical data. The value of x
(Z/A)E®® depends on atomic number (Z), atomic weight
(A) and energy (E).



The result of the calculation (2) agreed with the results of
calculations performed by Mukherjee [9]. Both Singh and
Mukherjee et al did not give the value of stopping power of
protons to energies below 0.5 MeV.

With the SRIM software (Stopping and Range of lons in
Matter) we can obtain the stopping power value for any ion
in any material and proton energy in the range 10 eV — 2
GeV. The programs were developed by James F. Ziegler and
Jochen P. Biersack around 1983 [10][11] and are being
continuously upgraded with the major changes occurring
approximately every five years. SRIM is based on a Monte
Carlo simulation method, namely the binary collision
approximation with a random selection of the impact
parameter of the next colliding ion [12]. As the input
parameters, it needs the ion type and energy and the material
of one or several target layers.

Fig. 1 shows the output of the program SRIM for 4
materials, i.e. water, bone, muscle and tissue. The curves
depict the relationship between proton energy (H ions) with
the value of mass stopping power in units of MeV/(g/cm?).
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Figure 1. Mass stopping power of proton in 4 human body substances
obtained with SRIM program

Any type of equation can be fitted to the data points in
Fig.1. We found that the equation which is best suited to
represent the data points is non-linear equation, as shown in
(3). E is the proton energy, while a, b, c, d, e, f, g and h are
the fitting parameters whose values depend on the type of
material.

dE a+c|nE+e(InE)2+g(InE)3
dx 1+bInE+d(INE)*+f(INE)’ +h(InE)’

Fitting parameters for water, bone, muscle and tissue are
presented in Table I. In the SRIM materials target library,
there are several types of bones, muscles, and tissues of the
body, which is determined by the percentage composition of
the constituent atoms. We select one of the types of targets
that represent bone, muscles, and tissues, and is written at the
bottom of the Table I.
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TABLE I. FIT PARAMETERS FOR WATER, BONES, MUSCLE, AND

TISSUE
Parameters Sl*Jbtances o T
Water Bone Muscle Tissue
a 244.830 217.957 253.616 | 272.416
b -0.727 -0.299 -0.726 -0.688
c -306.162 -196.901 | -335.142 | -365.781
d 0.504 0.102 0.366 -0.001
e 275.476 102.148 258.892 | 184.766
f 0.416 0.125 0.335 0.127
g -41.632 -13.032 -38.520 -24.067
h 0.116 0.044 0.098 0.050

* Bone, Compact (ICRP), **Sceletal Muscle Type 1, ***Adiposa Tissue (ICRP ICRU-103)

Equation (3) can be easily implemented in any
programming language, without having to take into account
the atomic number and atomic mass of the target medium.
By using the values of the parameters in Table I, we
calculated value of the mass stopping power for 4 substances
the human body for proton energies between 0.5 MeV to 200
MeV and compared with the results of Mukherjee and Singh.
The calculated value are presented in Figure 2, Figure 3,
Figure 4 and Figure 5, respectively for water, bone, muscle,
and tissue.

All four graphs show that the results of calculations with
(3) suitable for proton energy above 2 MeV. At low energy
the nuclear stopping is dominant, while (3) based on the data
of electronic stopping. SRIM implemented Core and Bond
corrections on the interaction of ions with atoms and
electrons of the target, which can also affect the difference
between the results of calculations for low energy. However,
differences in the results for low energy may also be caused
by other factors which should be investigated further.
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Figure 2. Comparison of three calculations of mass stopping power of
proton in water
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Figure 3. Comparison of three calculations of mass stopping power of
proton in bone
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Figure 4. Comparison of three calculations of mass stopping power of
proton in muscle
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Figure 5. Comparison of three calculations of mass stopping power of
proton in tissue
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Proton energy used in the radiotherapy are generally on
the order of tens of MeV [11] [12]. In that order of proton
energy, the calculation results on the mass stopping power of
tissue for the three methods can be said to agree with each
other.

I1l.  CONCLUSION AND SUGGESTIONS

From the above results obtained using the proposed
numerical equation (3), the mass stopping power of materials
can be expressed in non-linear equation. The calculated mass
stopping power is in aggreement with previously calculated
value in high energy range. It may be noted also that the
proposed numerical equation has a simple form and easy to
implement in programming. Further investigation needs to
be carried out at low proton energy, in order to obtain
equations valid for all energy regions.
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