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Abstract

This paper reports on Monte Carlo simulations of electrons in liquid water using a set of
electron collision cross sections constructed with data published recently. The track history of
electrons having initial energy ranged from lkeV to 10keV is investigated looking at the
ionization and excitation processes. The results show that the ratio of the ionization and
excitation events per track history is unique independent of the initial electron energy above a
couple of hundred eV and these inelastic processes occur with low energy electrons frequently
below 100eV. In particular, the excitation processes are dominated by the electrons below

50eV. Flight distance distributions between the inelastic collisions are also discussed.
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1 Introduction

In irradiated bio-tissues, the final entities to interact with the material molecules
producing excited species and ions are mostly electrons that have taken over energy from the
primary incident particles. The electrons undergo stochastic collision processes transferring
their energy to the molecules, which may cause indirect or direct damage to the structures in
bio-cells.

Within this framework, we have been performing Monte Carlo simulations of electrons in
water as a principal component of biological material. The most essential parameter affecting
the results such as inelastic collision frequencies per track history is the electron collision
cross section of the water molecule. We have constructed a set of cross sections for elastic,
excitation and ionization processes in both vapor phase and liquid phase water from published
data including recently reported, and investigated the characteristics of electron tracks.

This paper reports an investigation using the Monte Carlo simulation technique on the
ionization and excitation processes by electrons below several keVs energy in liquid water.
By taking account of thousands of track histories, we have deduced general features of
electron processes. In spite of high energies above 1keV of the incident electrons, average
energy of progeny electrons produced in the track history is quite low. Our calculation results
show that a great number of electrons below 100eV are essential to ionize and excite the
water molecules.

The present work will be of use to estimate the ionization and excitation events occurring

in bio-cells, which may contribute to the study of nano-dosimetry.

2 Electron collision cross sections in liquid water
The method of Monte Carlo simulation is based upon the determination of flight distance

between two successive collisions given by
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where or is the total collision cross section, N is the number density of target particles and &
is a random number. In our simulation, the total collision cross section consists of elastic, total
electronic excitation, vibrational excitation, total ionization and attachment cross sections.
Here, "total ionization" means the sum of ionization processes producing OH", O" and so on
including H,O". For vapor phase water, the electronic excitation and ionization cross sections
can be divided into lots of cross sections of various excitation levels and ionization species
since there are numerous data reported to give each cross section (e.g. [1][2]). However, the
cross section data for liquid phase water are limited and at this moment only the total
electronic excitation and ionization cross sections are available. Recently, Emfietzoglou et al
[3,4,5] presented both of the cross sections in liquid water in quick succession, which were
determined by the optical method using a dielectric response model. Although their cross
sections may still have uncertainty as stated in their paper [4] and room for further
considerations, the general feature for the excitation and ionization cross sections seems
acceptable from a consistency with other reported data [6][7][8]. For instance, the ionization
cross section is much smaller in low energy below 100eV than that of vapor phase water
molecule while the excitation cross section is smaller in the entire energy region below
several tens of keV. Therefore, we have decided to utilize the excitation and ionization cross
sections by them for our simulation, respectively as the total electronic excitation and total
ionization cross sections in liquid water. The threshold values for the ionization and the
electronic excitation are 13.65¢V and 8.22¢V, respectively.

In addition to the electronic excitation and the ionization of water molecules, we also
consider the vibrational excitation and electron attachment processes because the cross

sections for them are overlying the electronic excitation and ionization cross sections around

their threshold energies. These processes are important at the endpoint of the track simulation



with low energies decreased from high energy regions of electron because the number of final
products from water molecules varies depending on the processes. In our simulations, three
cross sections for the vibrational excitation and three attachment cross sections are taken into
account, and those are assumed to be the same as water vapor. As the vibration excitation
cross sections qyib, three lump modes, (100 + 001), (010) and others, are considered. The cross
sections for (100 + 001) and (010) are constructed by a combination of the data from Seng
and Linder (1976) [9] and El-Zein et al (2000) [10] where the cross section around 0.3-6eV is
taken from Seng and Linder, and for 6-20eV is from El-Zein et al. The summed cross section
for the other modes is estimated referring to Mérk et al (1995) [11]. The electron attachment
cross sections for the production of OH’, O" and H' are taken from Melton (1972) [12].

As to the elastic cross section, we have adopted the cross section by Danjo and Nishimura
[13] with multiplication factor of 1.4 so as to agree with the total collision cross section by
Itikawa and Mason (2005) [14]. This is because the elastic cross section for liquid water has
scarcely been reported to our knowledge. However, note that the elastic collision process does
not contribute so much to the energy transfer from electrons to targets. Because the cutoff
energy for chasing an electron track history is set to be the electronic excitation threshold (i.e.,
8.22eV), the low energy part of the elastic cross section below the threshold is not necessary
and therefore we assume it is constant as a dummy in our simulation.

The set of electron collision cross sections for liquid water used in the simulation is shown

in Fig.1.

3 Simulation algorithm

While the flight distance between two successive collisions is given by Eq.(1) mentioned
above, the collision type (i.e., elastic, excitation and ionization, etc.) and the direction of
electron after the collision are also determined using random numbers. Although the basic
algorithms in the Monte Carlo method are similar to those published so far [16], briefly we
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describe them below.

For the determination of the direction of scattered electron after the elastic collision, we
use semi-empirical equations by Brenner and Zaider (1983) [15]. They presented the
equations for scattering probabilities toward the polar angle ® with respect to the incident

electron as follows:

(d_"j o L for 2006V < E 2)

dQ (14 2n—cosm)

(d_c’j o L * for 0.35¢V < E <200eV. (3)
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Here, E is the incident electron energy, do/d(Q is the differential cross section, 1, o and 0 are
parameters. These parameters are given in their paper to fit experimental angular distribution
for elastic collision. Thus the scattering angle ® can be determined with a random number
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An important factor in handling the ionization process is the energy partition to two

(4)

electrons after the ionization collision, where the residual energy of an incident electron, E-I,
is divided into primary and secondary electrons. Here, E is kinetic energy of the incident
electron and I the ionization threshold energy. The electron that has a higher energy is called
"primary" and the other is "secondary". For selecting the energy partition ratio of both
electrons, we use an algorithm by Grosswendt and Waibel (1978) [16]. In their algorithm, the

energy of the secondary electrons is determined by

T=T,+T tan{&"{tan“ (Mj +tan”' (Eﬂ —tan™' (E]} ) (5)
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Here, To=T-T./(E+Ty), Tn=(E-1)/2, I'=I'sE/(E+Iy) and C" is a random number, T, T,, Ty, '

and I, are fitting parameters taken from publication of Green and Sawada (1972) [17] for



vapor phase water. Although the use of the parameters for gas phase water is problematic, we
employ these with a slight modification according to the ionization threshold value since the
energy distribution of secondary electrons for liquid water has been hardly measured. At the
same time, the directions of the primary and secondary electrons are determined from the

kinematic relationships,

2 2

sin” 0, = T/E E = e 3 z (6)
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for the primary electron and
sin? 0, = ﬂ 7
T
I+ 5
2m,c¢

for the secondary electron. Here, 0, and 6; are the polar angles with respect to the direction of
the incident electron for the primary and the secondary electrons, respectively. The azimuthal
angle ¢, of the primary electron is uniformly distributed between 0 and 27, and the azimuthal
angle ¢ for the secondary electron is set equal to ¢p-m.

The electron after the excitation collision is assumed to go out in the same direction as the

incident electron with a residual energy, E-Icx., where I is the excitation threshold energy.

4 Results and discussion

By using the procedure mentioned above, we have performed Monte Carlo simulations of
the track of electrons incident on liquid water. The trial number of the incident electrons is
typically 1000-5000 in the present study. The initial electron energy was set to be from lkeV
to 10keV. This is because radiation particles typically used in medical fields, e.g., X-rays and
protons, produce abundant electrons with energies much lower than those of the primary
particles in bio-tissues. For example, even though a proton has MeV-order energy around the
Bragg peak in water, it can produce a secondary electron with about 2keV (=1MeV/460) at
maximum. Similarly to this, diagnostic X-rays with energies up to several hundreds of keV
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yield quite a few low energy electrons below 10keV by Compton scattering. The simulation
of inelastic processes of these electrons must be an important measure for estimating the
production of radical species, e.g., OH radicals and aqueous electrons, which may cause
"indirect effects" of radiation in liquid water.

Figure 2 shows the energy distributions of electrons just before the ionization and
electronic excitation collisions per track history for the incident electron energy from 1keV to
10keV. The incident electron starts with each initial energy and slows down through the
energy loss collisions, i.e., ionization and excitation collisions, to rest. As is shown in Fig.2,
the energy distributions exhibit specific patterns for the ionization and excitation processes,
where the excitation collisions occur with electron energies mostly below 50eV while the
ionization collisions are dominated by high energy electrons around the initial energy and low
energy electrons below a few hundred eV. This fact demonstrates the importance of low
energy electrons leading to the biological damages presented by Huels et al (2003) [18].

A visualized picture of electron track history in 3D space is shown in Fig.3. Twenty
electrons were incident on a water phantom at zero point toward the right direction with initial
energy of 3keV. In the picture, red points stand for ionization events and yellow for electronic
excitation events. It is shown in the figure that the red and yellow points look rather uniformly
distributed. Figures 4(a) and 4(b) show the distributions of flight distance between the
successive inelastic collision events. In Fig.4(a), the red curves represent the flight distance
distributions between the two ionization events. The blue curves represent the distributions
between the two electronic excitation events. In Fig.4(b), the curves in black for the distance
distributions between the ionization and the excitation just behind the ionization are also
plotted. The reason for the spatial uniformity of the ionization and excitation events seen in
Fig.3 is attributable to the energy distribution of secondary electrons given by the formulation
of Eq.(5). According to Eq.(5), the energy partition ratio for the primary and secondary
electrons is not even. The energy after the ionization is unequally shared, giving a larger
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portion of the energy to the primary electron. This tendency is more significant as the incident
electron energy is larger. Therefore, low energy electrons are inclined to come into being as
secondary electrons after the ionization, which leads to the excitation collision events with a
high probability. The black curves in Fig.4(b) indicate that the excitation occurs frequently
just after the ionization in shorter path length than the other cases (i.e., the distance between
the two ionization events or the two excitation events).

Figure 5 shows the event numbers per track history for the ionization and the electronic
excitation as a function of the initial electron energy. For example, it can be seen that the
incident electron with lkeV-initial energy induces about 40-ionization and 16-excitation
events on average per track history. In our simulation, the vibrational excitation and
attachment cross sections overlaying the ionization and electronic excitation cross sections
around their thresholds have been considered. It was found that the vibrational excitation
cross sections affect the event number of the electronic excitation below 30eV. The event
counts of the excitation per history rapidly decrease below 30eV owing to the energy transfer
to the vibrational excitation as shown in Fig.5, while the attachment processes have negligible
effects on both event numbers. On the other hand, it is a remarkable feature that the rate of the
ionization and excitation counts is unique above about 200eV initial energy. The ratio is
roughly 10:4 for the ionization and excitation counts, independently of the initial electron
energy. This information should be useful for estimating the excitation event number from a
measurement of ionization signal in the experiment and vice versa.

Although the present simulation study was based upon some assumptions of the cross
section data for liquid water, the qualitative characteristics as in energy distribution before the
inelastic collisions and the spatial uniformity of their event locations have been confirmed to
hold even for the change of electronic excitation cross section by £50%. However, the
quantitative evaluations for the ionization and excitation event counts mentioned above are
influenced simply by the cross section values; and therefore further investigations are
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necessary from the viewpoint of error propagation arising from the basic data.

5 Concluding remarks

In this study, we have carried out Monte Carlo simulations of electrons in liquid water in
order to investigate the ionization and excitation collision processes. The simulation results
featuring the electron processes are summarized below.
(1) Collision frequencies for inelastic processes (i.e., excitation and ionization) per one track
history are distributed in a specific pattern for a given energy range. For example, electronic
excitation collisions occur with 10-50eV electron energy. This is true independent of the
initial energy above keV order of incident electrons, and the count ratio of total events for
ionization and excitation processes per history is roughly 10:4 when using the set of cross
sections constructed in this study. However, it should be noted that the vibrational excitation
processes affect on the frequency of electronic excitation below about 30eV.
(2) The excitation collision is inclined to take place just after the ionization event, which may
be attributable to the fact that kinetic energy to primary and secondary electrons after the
ionization event is unequally imparted where a large portion of energy is given to the primary
electron.
(3) The flight length between inelastic collision events is below 2-3nm in liquid water. This is
observed with a high probability (>90%) of free flights. In addition, in case of successive
events with ionization and excitation, the length distribution is shifted to be shorter owing to

the tendency in (2).
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Figure captions

Figure 1.

A set of electron collision cross sections used in the present study. The elastic collision cross
section qgjs 1 taken from Danjo and Nishimura (1985) [13] with a multiplication factor of 1.4,
and it is set to be constant below the cutoff energy of simulation (8.22eV). The total ionization
cross section Qionr and the total electronic excitation cross section (excr are taken from
Emfietzoglou (2003) [3], and the attachment cross sections are from Melton (1972) [12]. For
the vibration excitation cross sections qyip, three lump modes, (100+001), (010) and others,
are considered. The cross sections for (100+001) and (010) are estimated by a combination of
the data from Seng and Linder (1976) [9] and from El-Zein et al (2000) [10]. The summed
cross section for the other modes is constructed referring to Mérk et al (1995) [11].

Figure 2.

Electron energy distributions just before the excitation and ionization collisions per track
history. The incident electron is assumed to start with initial energies, 1, 2, 3, 5, 7 and 10keV.
Figure 3.

Visualized picture of electron track history in 3D space. Twenty electrons are incident on a
water phantom at zero point toward the right direction. Initial energy of the electrons is 3keV.
Red points stand for ionization events and yellow for excitation events.

Figure 4.

(a) Flight length distributions between excitation events and between ionization events.

(b) Flight length distributions between ionization and successive excitation events. It is shown
that the excitation event is inclined to occur just after the ionization event in a short interval.
Figure 5.

Total counts for excitation and ionization events per track history as a function of the initial

energy of incident electron.

12



Cross section (cm 2)

Figure 1.
Date et al.

107" F
107"° Foowo01) —
i \ —(010) els total
107
\\//\ JionT
10-17 =
1018 : opers [\ /)\ CIZT\
019 |
10-20: [ | [ | Ll 1rllll | Ll | [
0.1 /L 10 100 1000 10000

Qvib

Qatt

Energy (eV)

13



Event number (a.u.)

Figure 2.
Date et al.

10

($)]

excitation

10keV
TkeV
5keV
3keV
2keV
lkeV

ionization

10keV
TkeV
5keV
3keV
2keV
1lkeV

1000
Electron energy (eV)

0 100

10000

100000

14



Figure 3.
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Figure 5.
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