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Abstract

Over the past two decades event by event Monte Carlo track structure codes have increasingly been used for biophysical modelling
and radiotherapy. Advent of these codes has helped to shed light on many aspects of microdosimetry and mechanism of damage
by ionising radiation in the cell. These codes have continuously been modified to include new improved cross sections and
computational techniques. This paper provides a summary of input data for ionizations, excitations and elastic scattering cross sections
for event by event Monte Carlo track structure simulations for electrons and ions in the form of parametric equations, which makes
it easy to reproduce the data. Stopping power and radial distribution of dose are presented for ions and compared with experimental
data. A model is described for simulation of full slowing down of proton tracks in water in the range 1 keV to 1 MeV. Modelling
and calculations are presented for the response of a TEPC proportional counter irradiated with 5 MeV alpha-particles. Distributions
are presented for the wall and wall-less counters. Data shows contribution of indirect effects to the lineal energy distribution for

the wall counters responses even at such a low ion energy.
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1. Introduction

There are a number of codes describing transport
and simulation of radiation tracks in biological
environment. These codes could be classified as
those providing information at macroscopic level,
known as condensed history (CH) codes, used for
example, in radiation therapy and industrial appli-
cations (Table I) and a second group describing
tracks, interaction by interaction at the molecular
level in DNA and cell. Table II shows a partial
listing of the Monte Carlo track structure codes
(MCTS) reported in the literature and widely used
for modelling effects of ionising radiation. In the
CH codes the transport of particle has been made
by grouping together a large number of individual
collisions using multiple scattering theory to calcu-

late the energy loss and the scattering angle. CH
codes have been very successful in simulation of the
transport of electrons and photons for absolute dose
calculations in radiotherapy and estimation of rela-
tive dose in many dosimeters.

Development of event by event Monte Carlo track
structure codes has been rather slower than the CH
codes as the former require specification of all
individual types of interaction cross sections for a
particular medium under test (such as water vapour,
liquid water and DNA). The codes listed in Table
IT cover the energy range 1 eV to 10 MeV for
electrons and greater than 0.3 MeV/u for ions. Some
codes also have extension for simulation of the
ensuing chemistry following hydrolysis of water,
generating distribution of stable radical species at a
pico second. All codes use the same data-base of

Table I — Monte Carlo Track Codes in Radiation Research.

Code Author Medium  Particle Energy Range ref
ETRAN Berger & Seltzer all e & phot 10 keV - 1 GeV  [1]
EGS4 Nelson all e & phot 10 keV - 1 GeV  [2]
PTRAN Berger H,0 proton 50 - 250 MeV [3]
MCNP Briemeister all neutron eV — MeV [4]
PENELOPE Salvat all e- & e+ 1keV-100MeV [5]
PREGRINE Hartmann Siantar tissue phot. & e~  Therapy beam [6]
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Table II — Monte Carlo Track Codes in Radiation Biology.

Code Author Medium Particle Energy Range Ref

ATRACK Katz et al all e & ions up to GeV [7]

MOCAS Paretzke H,O (v, 1) e 10 eV - 100 keV [8]

OREC Turner et al H,O (1) e 10 eV -1 MeV [9]
p&a 0.3 — 4 MeV/u

STBRGEN Chatterjee & Holley H,O (1) e 0.1 -2 keV [10]
ions 0.3 — GeV

CPAI100 Terrissol H,O (1) e 10 eV — 100 keV [11]

DELTA Zaider & Brenner H,O (v,]) e 10 eV - 10 keV [12]
p&a 0.3 — 4 MeV/u

ETRACK Ito H,O (v) e 10 eV - 10 keV [13]

TRION Lappa et al H,O (v, e 10 eV - 1MeV [14]
p&a 0.3 - 4 MeV/u

KURBUC Uehara & Nikjoo H,O (v) e 10 eV — 10 MeV [15]

TRACEL Tomita et al H,O (v, 1) e 10 eV - 1 MeV [16]

PARTRACK Paretzke et al H,O (v, 1) ions 0.3 - GeV [17]

MOCAI4 Wilson & Paretzke  H,O (v) p&a 0.3 - 4 MeV/u [18]

PITS Wilson & Nikjoo Biological Ions 0.3 — GeV MeV/u [19]

LEPHIST Uehara & Nikjoo H,0 P 1keV-1MeV [20]

experimental and theoretical information for con-
structing cross sections. To start with, the paper
provides the current status of the code kurbuc as a
representative of electron codes and pits for simu-
lation of ion track segment. Electron cross sections
are described in analytical forms suitable for repro-
duction by the reader. The paper also describes
development of a new model for the description and
simulation of tracks for low energy protons from
1keV to 1MeV. Finally, we describe an application
of the MCTS for the simulation of the response of
proportional counters for light ions.

Charge particle track simulation requires cross
sections for elastic, ionization, excitation, partial
ionization and excitation, secondary electron spectra.
Not all these cross sections are available for mate-
rials of biological interest. As water is not a tractable
experimental target most data have been obtained in
water vapour which imposes a major handicap and
hardship on development and verification of the
codes. In the past, much discussion has been made
on the phase effect. For practical reasons we believe
data generated using cross sections obtained in
water vapour density corrected for liquid water or
DNA are suitable for use in theoretical calculations
and modelling in radiation biology.

2. Model basis for electron transport

The code kurbuc simulates interaction of electrons
10eV to 10 MeV in water vapour [15]. In the
following we summarise the cross sections for io-
nisations, excitations and elastic scattering adopted

in the code, in an analytical form suitable for nu-
merical reproduction. Elastic scattering cross sec-
tions were calculated using Rutherford formula
including the Moleire’s screening effect. There are
some suitable experimental cross sections [21-25]
and the NIST [26] library which provides a data set
of theoretical cross sections for electron elastic
scattering for atoms. Molecular cross sections can
then be obtained using additivity rule for a compo-
site molecule such as water. The published experi-
mental and theoretical data were used to obtain a
fitted elastic scattering cross section data set for
electrons in the range 10 eV to 10 keV for water.
A polynomial of the form 6= X ¢, (In 7)"' was used
to obtain the fitting parameters in two energy ranges.
In the energy range 10 eV < 7T < 120 eV (i=1,6),

c, = —667.2442, ¢, = 949.4650,
¢, = —507.5807, c, = 131.2099,
¢ = —16.58025, and ¢, = 0.8234437.

5 6

For the energy range 120eV<T< 10keV,i=1,4

27.45452, c, = —9.232332,
1.056612, and ¢, = —0.04093413.

¢
Cs

Experimental excitation cross sections for electrons
are a few and mainly taken in water vapour. There
are many modes of excitations for energies greater
than 10eV. Compilation of data have been made by
Paretzke [27], Olivero [28] and Zaider [29]. The
code kurbuc has adopted the data of Paretzke for the
10 mode of excited states. Total excitation cross
sections can be obtained by summing all the indi-
vidual modes of excitations using the empirical
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formula of Berger and Wang [30]. The fitting pa-
rameters to the excitation cross section for kurbuc
is presented as a function of the form y =p + gx +
x> + ax® [exp(-bx)], where x = log(t), and

Kurbuc

0.01608355
2.875443
11.53760
-0.4113672
0.1302236
—0.008854055

Parameter

"o 0 o

There are various theoretical treatments and expe-
rimental data for measurements of the singly diffe-
rential ionization cross sections for the ejection of
an electron generated by collision of an electron
with water molecule [19]. Although there is a close
agreement among the experimental data over part of
the energy spectrum, there is considerable variation
in the range 50eV to 1keV. For a general consensus,
these data were least square fitted to a function of

T .
the form 6, =c +at" e®'*»? where ¢ ZIHE in

which units of ¢ is 107'® cm? and that of 7, the
particle kinetic energy, is eV. The fitting parameters
are given by

a = 2.07201, b,=0.271302, b,=0.119638,
r = 146521, and ¢ = 0.074664.

3. Model basis for ion transport

Pits is a code for simulation of positive ion track
segments in a variety of media for ion energies
greater than 0.3 MeV/u. For ion energies below the
Bragg peak other processes such as charge exchange
needs to considered as discussed in the next section.
The code is organized in a modular form to enable
use of different cross sections and link with other
track codes for simulation of delta electrons. PITS
is an implementation of a semi-empirical model
developed by Miller et al. [31], for inelastic interac-
tions of charged particles with matter based on the
Bethe-Born theory. The theoretical foundation is
described in detail in the literature. The most fre-
quent interaction of a fast charged particle with an
absorber, is to dislodge valence electrons from their
atomic/molecular orbitals, ejecting them frequently
with sufficient kinetic energy to travel significant
distances through the matter, causing further ioni-
zation along their own path. Therefore, the primary
information needed for realistic ion-track simulation
is the probability for ejecting such electrons (delta-
rays). The single differential cross section (SDCS)
provides the probability for the energy for an ejected
delta-ray. Table III shows a list of experimental
dielectric response functions for several media used
for evaluating single differential cross sections [27,
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32-38]. Figure 1 shows the derived model optical
oscillator strengths in various phases for water,
carbon and DNA. Output of the code has been tested
in terms of stopping power and radial distribution
of interactions for various ions. Figure 2 shows
comparison of the stopping powers calculated by the
code with the ICRU49 [39] data for various ions.
Figure 3 shows radial distribution of dose around the
core of the particle tracks for 'O and *°Ne ions
compared with experimental data of Varma [40, 41]
and model calculations by Cucinotta [42].

Table III — References for Dielectric Response
Functions of Several Materials.

Material Ref
Graphite, amorphous [32]
DNA [33]
Water, vapour [27]
Water, liquid [34-36]
Water, solid-hexagonal [37]
Water, solid-amorphous [38]
S ——
~ [f@: o Waer 3
£ i : : : : ]
E |
=0 b
€T F
I _ _
= - - — — vapour
b - —— liquid .
% - E | me--- hexag. solid.
210 e amorph. solid - -
AR S T T T

0 10 20 30 40 50
Energy, eV

IIIIlIIIIlIIIIlIIIIlIIII

®)

T T TTTTT
11 11111

T
]
1

/
i

A 11111

— — amorph. graphite

/A iquid H_0 ;

- /I i 2 -

0 — 10I 20 30 40 50
Energy, eV

Fig. 1 — Oscilllator strength distributions for several media: a)
distributions for different water phases and b) for carbon, DNA
and liquid water.
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Fig. 2 — Stopping powers calculated from the output of the pits
code for several ions compared with ICRU data.
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4. Low energy protons

Current models of the track structure codes for ions,
listed in Table II, generate track segments for ion
energies greater than 0.3 MeV/u. At lower energies
the energy loss models are not reliable because they
lack inclusion of cross sections for many of the
important interaction. Accurate treatment of all
interactions, including excitation and ionization by
dressed ions and neutrals, and charge exchange
processes which play an important role in energy
degradation of ions at these energies, is needed. The
interaction of protons with the stopping medium
involves three primary processes

p+HO —->p+HO" +e,
p+HO—>p+HO
p+HO—>H+HO+

Dose (Gy)

107" 10"

107
Radial distance (um)
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Following electron capture, the moving hydrogen
atom can interact with the stopping medium by three
primary processes

H+H,O—H+HO" +e¢,
H+H,0 —H+H,0,
H+H,O0—p+e+HO.

The calculations for protons and atomic hydrogen
stopping in water vapour are based on experimental
data as well as the theoretical treatments. The electro-
nic stopping cross section for protons is defined by

L(T)= ZfQO-(T)"'ZfHQkO- (1) where J repre-

sents inferactions leadlng to ionization, excitation
and electron capture by proton impact, and k repre-
sents ionization, excitation and electron loss by
neutral hydrogen impact; o(7) represents total cross
sections for processes k and j at kinetic energy T for
proton and atomic hydrogen interactions, respecti-
vely; Q is the mean energy transfer in each inte-
raction; and f, and f; are the equilibrium charge
fractions for protons and atomic hydrogen, respec-
tively.

Total ionization cross sections for protons &, (T)
were determined by the least-square fit to the expe—
rimental data given by Rudd et al. [43]. The total
electron production cross section for neutral-hydro-
gen impact were obtained from integrating the
double-differential cross section measured by Bolo-
rizadeh and Rudd [44]. The cross section obtained
includes contributions from electrons ejected from
the target as well as from the projectile by the
electron loss process. The latter is known as electron
loss to the continuum and was first observed in the
electron spectrum in H,* collisions by Wilson and
Toburen [45]. The net cross section for ionization
of the target water molecule was obtained by su-
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Fig. 3 — Dose distributions around *Ne ( 377 MeV/u, 31 keV/um) and '®O (41 MeV, 876 keV/um) track segments. Data are compared

with experimental observations and theoretical calculation.
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btracting the electron loss cross section from total
lonisation cross sections.

The mean energy transfer for ionization was
calculated by summing the average energy of secon-
dary electrons produced by proton impact and the
average initial binding energy of the ejected electron.
It is assumed that this function is applicable for the
proton energies lower than 15 keV where no expe-
rimental data is available. For proton energies gre-
ater than 100 keV a linear interpolation of the
experimental data was used.

Excitation cross sections and mean excitation
energy loss by proton and hydrogen impact on water
molecules were treated using the formula of Miller
and Green [46]. At low ion energies charged par-
ticles undergo electron capture and loss events.
Total cross sections for electron capture and electron
loss for protons and atomic hydrogen were evalua-
ted using the analytical functions given by Miller
and Green [46] and fitted to the experimental data
of Toburen et al. [47] and Dagnac et al. [48]. Three
energy-loss components were taken into account for
energy transfer in the electron capture process. These
include, energy to remove the electron from the
target molecule, the energy to provide translational
velocity for the electron to move at the speed of the
proton, and energy released from capture into the
bound state of the proton. The latter is equal to the
binding potential of the state to which the electron
is captured. The energy lost by the neutral hydrogen
atom in the electron-loss process is simply the
binding energy of the projectile electron. The kinetic
energy of the electron resulting from the electron-
loss process was provided for in the capture process.
Figure 4 shows the calculated stopping cross sec-
tions and in comparison with the published data [39,
49]. The calculated electronic stopping cross sec-
tions are in agreement with the published data
within 20% for energies in the range 10keV to 1
MeV. Radial distribution of dose for 1 MeV proton
has been compared with experimental and theore-
tical calculations in Figure 5 [7, 50, 51]
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Fig. 4 — Comparison of stopping cross sections as a function
of initial energy.
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Fig. 5 — Radial dose distribution for 1 MeV protons calculated
from the output of the code lephist.

5. Model application: the response of a propor-
tional counter

A paper in this volume by Borak et al. describes the
response of a tissue-equivalent-proportional-counter
(TEPC) to heavy charged particles. In this section
we present a preliminary application of track struc-
ture to simulate the response of a TEPC counter for
5 MeV alpha-particles. Proportional counters are the
main instrument for measurements of microdosime-
tric parameters. The instrument is either designed as
a walled or a wall-less counter. The principle feature
of the counter is based on the similarity between the
energy loss in the solid wall and the gas cavity as
these are made of equivalent density material. Pro-
portional counters are employed in measurement of
radiation dose, quality of radiation and spectra of
radiation field in the environment under test. It has
been used in radiation therapy, microelectronics and
radiation biology. Because of its sensitivity, robu-
stness and ease of operation it is used in space on
board the satellites and manned space flights for
radiation protection purposes.

The simulation of energy absorbed for 5.3 MeV
alpha-particles were carried out for a site 1.0 mm
diameter sphere. In the walled counter the diameter
of gas cavity was set to 6 mm and a gas density of
8.33x10”° gem similar to the experiment of Gross
et al. [52]. Figure 6a shows lineal energy spectrum
simulated for 5.3 MeV alpha-particles irradiating a
wall-less counter. The distribution of lineal energy
as a function of impact parameter is shown in Figure
6b for walled and wall-less counters. Figure 6a
shows a non-zero distribution at low event size
frequencies which is a deviation from the theoretical
chord length distributions. The deviation arise from
indirect events entering the sensitive volume of the
counter. This is also evident from a small rise in the
frequency of events when the impact parameter is
nearly the same as the radius of the cavity. The peak
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Fig. 6 — The Monte Carlo simulated energy deposition in spherical walled and wall-less TEPC counter for 5 MeV a-particles (94

keV/pum).

is small as secondary electrons generated in the wall
are not very energetic. The escaping of electrons
from cavity is also negligible due to short range of
electrons, less than the cavity diameter. However,
the contributions from indirect events become pro-
minent with HZE particles [53].

6. Summary

Monte Carlo track structure codes simulate event-
by-event interaction of charged particles in medium
of interest for biophysical modelling, therapeutic
and spectroscopic applications. The input data for
electron, ionization, excitation and elastic scattering,
cross sections were presented in a form suitable for
reproduction. Model output parameters were presen-
ted for electron and ion codes. A new model for
simulation of full slowing down of low energy
protons in the range 1keV to 1 MeV was presented.
Electron and ion tracks generated by the codes
kurbuc and pits were used to simulate the response
of a proportional counter to 5 MeV alpha-particles.
Data shows the contribution of indirect effect to the
response of the counter.
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