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Incorporation of the effect of the composite electric fields of molecular ions as a simulation tool
for biological damage due to heavy-ion irradiation
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This paper presents a theoretical study of the DNA damage due to the effect of the composite electric fields of
H,0" ions produced from the irradiation of a heavy ion onto a cell. A model for atomic and molecular processes
in strong electric fields is developed. It is found that the composite electric fields increase the number of events
of electron-impact ionization processes. This may promote DNA damage.
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I. INTRODUCTION

Swift heavy ions are a good research tool in the fields of
biological physics [1,2], surface science [3-5], and medical
science [6-8]. For example, in biological physics, although
there are several hypotheses, the important phenomenon
of relative biological effectiveness (RBE) is not yet fully
understood, and one might ask why do heavier ions produce
more cluster DNA damage [9,10] and lead to high RBE
values. The understanding of RBE is directly connected to
the understanding of the reason why cancer therapy using
C%* ions has a higher efficiency than that using protons [11].
In this paper, we propose and quantify an explanation for
RBE that hinges on the effect of the composite electric fields
of molecular ions (mainly H,O%), which are produced by
heavy-ion-impact ionization processes, in a cell by comparing
the irradiation of a C®* ion with that of a proton onto the cell.

The stronger composite electric fields are formed as cross
sections of the incident ion-impact ionization process become
larger. This comes from the following. The molecules in the
cell on the track of the incident ion are ionized according
to the impact ionization cross sections of the incident ion.
Larger cross sections of incident ion-impact ionization produce
a shorter average interval length between molecular ions in
the cell because the mean path between ionization events can
be expressed by multiplication of the cross section of the
ion-impact ionization and the density of molecules. Then, a
stronger composite electric field is formed from the shorter
average interval length between molecular ions. For example,
for the irradiation of C®* ions with the energy of a few MeV /u,
we estimate the mean path between ionization events at about
0.3 nm, which is almost as large as the average interval lengths
between molecules in a cell, using C®* ion-impact ionization
cross sections [12] and the density of the molecules in a cell.
Then, almost all of the molecules on the track of the incident
ion are ionized, and strong composite electric fields may be
formed near the track. On the other hand, we estimate the
interval length between molecular ions at about 0.8 nm in the
case of the irradiation of protons with the energy of a few
100 keV /u where the impact ionization cross section becomes
a maximum as a function of energy of the protons [13]. We
have found that the composite electric fields formed from the
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irradiation of C%* ions with the energy of a few MeV /u are
stronger than those from the irradiation of protons. Simulation
results show the same tendency for the relationship between
the cross sections of the incident ion-impact ionization and the
formation of the composite electric field (see Sec. IV A and
Figs. 2 and 3).

Electrons, which are produced from impact ionization
processes of an incident ion or electrons, play an important
role in the DNA damage. The composite electric fields may
trap the electrons near the track of the incident ion. Then,
the electrons near the track may be able to continue to have
enough energy to ionize the molecules through electron-impact
ionization because of strong electric fields. We expect that the
number of electrons produced here, by including the effect
of the composite electron fields, becomes larger than that by
excluding this effect. Our simulation results become just what
we have expected here (see Sec. IV C). Also, it should be noted
that the electrons produced near the track may often produce
cluster DNA damage [9,10], which may play an important role
in RBE because the cluster DNA damage is apt to be produced
near the track.

This paper develops a model in atomic and molecular
processes in electric fields and tells us how plasmas are
produced due to heavy-ion irradiation onto matter (see
Secs. III C and IV C).

The increase in the cross sections of the ion-impact
ionization produces a stronger effect of the composite electric
field. These cross sections become larger according to the
increase in the charge of the incident ion. The effect of the
composite electric field may play an important role in
the research of the damage on human bodies or
semiconductors [3] in the space environment because a
lot of highly charged ions, such as Fe?$* exist there.

II. THE CONTENTS OF SIMULATIONS

We treat a C® ion with the energy from a few MeV /u to
100 MeV/u and a proton with that from a few 100 keV/u
to 1 MeV/u as an incident ion and H,O molecules as a
component of the target because H,O is the main component
in cells. We calculate (i) the generation of H,O% ions,
electrons, and the excited states of H,O due to the impact
processes of the incident ion or electrons. (The details and
the simulation methods are presented in the subsection in
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Secs. II and I B-III D, respectively) and (ii) the movement
of the electrons in the electric field formed by the ions and
electrons (the simulation methods are presented in Sec. IIIE).
It should be noted that, in our model, the composite electric
fields are included in the movement of electrons by treating
the interaction of the electron of interest with all of the H,O"
ions and the other electrons.

We ignore the movement of H,O™ ions in our simulation
for the following reasons. Even when almost all of the atoms
in the proteins are ionized by the irradiation of high-intensity
x rays, Hau-Riege et al. [14] showed, from their simulation,
that the water molecules surrounding the protein can control
the movement of atoms so that they move little during time
scales smaller than 50 fs [14]. In the irradiation of a heavy
ion onto a cell, the number of surrounding water molecules
is much larger, and the number of ions, which surround the
H,O™ ion of interest, is smaller resulting in a smaller Coulomb
force acting on each ion.

A. Atomic and molecular processes

After an incident ion (A*") enters the target, we consider
the following atomic and molecular processes. (i) The incident
ion interacts with an H, O molecule, then, an electron is emitted
through ion-impact ionization processes (A*" + H,O —
A" + H,OF + e7). (ii) The electrons emitted here also
interact with H,O molecules, then ionization (¢~ + H,O —
e~ + H,O% 4 ¢7), electronic and vibrational excitation (e~ +
H,O — e~ + H,O%) processes occur, where H,O and H,O*
are the ground state and the excited states of a water molecule,
respectively. (iii) Electrons are emitted from the electronic
excited state due to electron impact (e~ + H,O* — e~ +
H,O" + e7). This comes from the fact that cross sections
of the electron-impact excitation processes are much larger
than those of the electron-impact ionization at the energies
of electrons from 10 to 20 eV [15,16]. In this energy range,
the population of electrons becomes the largest at times greater
than a few femtoseconds after the incident ion enters the target.
It is expected that a lot of electronic excited states of H,O may
be produced. It should be noted that we do not need to consider
this process in the case without the electric field because the
interaction time is so small that electrons have seldom collided
with the electronic excited state of H,O.

The charge of the incident ion changes [13,17-19] during
the movement of the incident ion in the target. However, we
do not change the charge in our simulation for the following
reasons. As for the irradiation of a C®* ion at the energy of
3 MeV /u, one or no electron is captured, then, the probability
(P,) of the existence of C* is determined by

Ol

P, ~ (D

Oct + O ’
where 0., and o,; are cross sections of the charge transfer
(C* + H,0 — C* + H,0") and the electron loss
(C* + H,0 — C® + H,0 + e7), respectively [13,18].
Since the charge- transfer and electron-loss cross sections
roughly increase according to Z*> and decrease according to
Z 2, respectively [19,20], we roughly estimate oo, ~ 5 x
107 cm? and o,; ~ 2 x 10~!8 cm? from the cross sections
of He?* and He', respectively [18], where Z is the charge of
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the ion. Therefore, the existence probability of C®* is about
80%. Even the impact ionization cross section of C>* ions at
3 MeV/u is about 1075 cm? [12,19]. This cross section
satisfies the condition that the mean path between ionization
events is almost as large as the average interval length between
H,O molecules in a cell. It should be noted that, as soon as the
charge of carbon ions becomes smaller than 4, electron-loss
processes occur, and the charge increases. Therefore, we
ignore the charge smaller than 4. As for the irradiation of
a proton, there is little difference between the cross sections of
impact ionization of protons and hydrogen atoms at the energy
of a few 100 keV /u [13].

II1I. SIMULATION METHODS

A. Setup of target and incident ions

We consider a rectangular volume with the size of 10 nm x
10 nm (area of the bottom or the top) x 20 nm (height) as a
target. In the target, we arrange H,O molecules as the density
of molecules becomes that of a liquid. Then, the places of the
molecules are assigned randomly on the condition that they are
located inside the target and that lengths between the molecules
are larger than 2.7 A. The incident ion enters the target from the
center of the bottom area of the target and moves perpendicular
to the bottom area of the target. We assume that the energy and
the movement direction of the C®* ion or the proton do not
change during the movement in the target because the size of
the target is so small that there is little change.

B. The particle-impact processes

We calculate the change of electronic states of H,O in the
target according to the particle- (the electron- or the ion-)
impact processes as a function of time. Since we treat the
particles individually, we employ the same method as that
employed in molecular dynamic (MD) simulation [21] for
the treatment of the particle-impact processes using the cross
sections as follows. The center of the cross section is located
at the center of the atom or the molecule (H,O in this paper),
and the cross section is perpendicular to the direction of the
velocity of the particle. It is judged that the particle-impact
process occurs only when the particle crosses the area of its
corresponding cross section [21-23]. Specifically, we use the
relationship of cross sections with impact parameters (b) where
b is defined as the perpendicular distance between the path of
an incident ion and the center of the molecule (H,O). The
particle-impact cross section (o) is given by

bmax

a:n/p(b)bdb, 2)
0

where P(b) is the probability that the corresponding processes
occur as a function of b and b,y is the maximum b where the
process occurs. When we assume P(b) to be a step function
with value 0 outside Of by, 0 = b2, . Only when b becomes
smaller than (o/7)'/2, do we judge that the particle-impact
process occurs. However, P() is not a step function. When
we treat P(b) exactly, the track may be thicker. Then, stronger
composite electric fields may be produced. Therefore, we will
treat P(b) exactly in the future. We use the total cross sections
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for all the possible transitions. The process is chosen randomly
among them using the respective cross sections as weighting
factors.

Since particle-impact cross sections used here differ from
the definition, we checked this by treating the particle-impact
processes correctly in our previous paper [24] where we stud-
ied the irradiation of high-intensity x rays onto a cluster or a
biomolecule. We showed good agreement of the frequencies of
electron-impact ionization processes calculated by the method
treated here with those by rate equations. In the rate equations
[25-27], the electron-impact ionization cross sections are
treated as a probability that the corresponding processes occur.
Then, the rates of the electron-impact ionization processes
(R,;) are given by

Rei = N.o,ive, 3

where N,, o,;, and v, are the electron density, the cross sections
of the electron-impact ionization process, and the velocity of
the electron, respectively.

If we consider cross sections including the effect of the
electric field, the cross sections become larger. Therefore, the
effect of the composite electric fields may be larger than that
treated in this paper.

C. Initial electron energies

Electrons are generated from the particle-impact ionization
processes. The DNA damage depends on the generated
electron number and energies. Here, we mention the initial
electron energies. It should be noted that there is a difference
between the initial energies of the electrons including and
excluding electric fields in the simulation models. Figure 1
shows the potential energy curve [V(r)] inside an atom or
a molecule including and excluding the electric field as a
function of r, where B, E; , r, and ry are the binding energy of
H,O, the experimental data for the initial energy of electrons

v(r)
A

0

7 .

FIG. 1. The relationship of the potential energy curves [V(r)]
given in an atom (or a molecule) as a function of r including (broken
line) and excluding (solid line) composite electric fields of H,O"
ions with energies (B, E;, E, E,) relevant to an electron emitted as
explained in the text.
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emitted from H,O, the radii from the center of this parent
molecule, and the place where the electron is emitted from
this parent molecule, respectively. We take = O at the center
of the atom or the molecule. In the case including the electric
field, we take r to be in the direction of the track of the
incident ion. We estimate E; for ion- and electron-impact
ionization processes according to the formula given by Rudd
et al. [28] and Nakazaki et al. [29], respectively. However,
the real initial energy of the electron is not E; but E; + B
according to energy conservation. When we do not consider
electric fields, we have to use E; as an initial energy. This
treatment is not bad because E; becomes E; soon after the
electron leaves the parent molecule as seen in Fig. 1, where
E| is the energy of the electron at r in the case without electric
fields. However, we must use (E; 4 B) as an initial energy in
the existence of strong electric fields because E, is often much
larger than E;, where E, is the electron energy in the electric
field.

D. Data for cross sections and initial electron
energies treated here

In order to treat particle-impact processes, we employ the
available data for the cross sections and initial electron energies
as follows. (i) For impact ionization processes of protons and
C%* ions, we employ the cross sections as a function of energy
of the incident ion given by Uehara et al. [13] and Cappello
et al. [12], respectively. Then, the value of E; (see Sec. III C
and Fig. 1) emitted here is determined randomly by treating
the energy distribution estimated from the Rudd model [28]
as weighting factors, and the incident angle is also determined
randomly. (ii) For the electron-impact ionization, electronic,
and vibrational excitation, we use the cross sections given by
Orient and Srivastava [15], Pritchard et al. [16], and Nishimura
and Itikawa [30], respectively. (iii) The cross sections of
electron-impact ionization from the excited state (o;.) are
much larger than those from the ground state (o;,) [15]. Here,
oje is roughly estimated from o;, and the formula given by
Lotz [31], that is,

Bi,E.In(E.'/B;.)

(E (E ) ————
Oie bt ) g T In(Ee [ Big)

“4)

where E,, Bj,, and B, are the incident electron energy, the
bound energy from the ground state, and that from the excited
state of H,O, respectively. The value of E; and the angle of
the electron emitted here by the electron-impact ionization
are determined by the data given by Nakazaki et al. [29] and
random numbers, respectively. It should be noted that we need
to add B to E; to determine the initial electron energy as
mentioned in Sec. III C.

E. The movement of the electrons

The Coulomb forces due to ions and electrons act on
the electrons. The movement of these electrons is solved by
Newton’s equations, that is,

Fem dve,:_z er,j

47[80}"

qierii

3
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where €y, m,, Ui, qi, and 7;j) are the dielectric constant in
vacuum, the mass of an electron, the velocity of the ith electron,
the charge of the /th ion, and the distances between the ith
electron and the jth electron (the /th ion), respectively [22,23].
In order to avoid the divergence near 7; i) =01inEq. (5), we use
a similar approximation as that employed in MD simulation
[21], that is, F; ) is approximately replaced by (rizj o+ a?)\2,
where we take a; to be 0.1 nm [22,23].

We assume that the electric field varies periodically
along the z axis because the interval length between H,O"
ions produced from heavy-ion-impact ionization is almost a
constant value. Then, we move the electrons that leave the
bottom or top area of the target to the top or bottom area,
respectively.

IV. RESULTS AND DISCUSSIONS

A. Formation of composite electric field

Figure 2 shows examples of the places where H,O™ ions are
produced by the incident ion-impact ionization cross sections
of 1.5 x 10715,4 x 1071°,2 x 1076, and 10~ !¢ cm?. The cross
sections of 1.5 x 10715,4 x 1071, 2 x 107'%, and 10~'° cm?
correspond to the incident ions of C®* ions with the energy of
3 MeV/u, C®F ions with the energy of 15 MeV /u or protons

T ' 3 &
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L 4
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FIG. 2. Examples of the places where H,O" ions are produced
near the track of ions with the ion-impact ionization cross sections
of 1.5 x 107 (D), 4 x 107'° (W), 2 x 107'% (A), and 107'¢ cm?
(X). The arrows express the direction of the motion of the ions. The
lengths of the targets are 20 (the direction of the track of the incident
ions) and 10 nm (the direction that is perpendicular to the track).
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FIG. 3. Composite electric fields on the x axis vs x. The impact
ionization cross sections are 1.5 x 107" (), 4 x 107'° (W), 2 x
10716 (A), and the proton and 107'¢ cm? (X). The electric field of
1 a.u. corresponds to about 5 x 10" V/m.

with the energy of 200 keV /u, C®F ions with the energy of
40 MeV /u or protons with the energy of 500 keV /u, and C%*
ions with the energy of 80 MeV /u or protons with the energy
of 1 MeV /u, respectively [12,13]. We have confirmed that the
places where H,O™ ions are produced depend on only the cross
sections and are independent of the ion energies. The numbers
of the H,O" ions produced here are almost the same as the
values estimated by the mean path between ionization events
shown in Sec. I. However, the intervals between the H,OF
ions are greatly dispersed for each track, and this dispersion
influences the composite electric field.

Figure 3 shows the composite electric fields formed from
the irradiations of ions on the x axis as a function of x. The x axis
is randomly chosen in one direction, which is perpendicular to
the track of the incidental ion from the center of the target.
The composite electric fields formed from the ion-impact
ionization cross section of 1.5 x 1073 cm? are about three,
five, and ten times as large as those of 4 x 10710,2 x 10716, and
107'¢ cm?, respectively. It should be noted that we show the
results averaged over 100 cases where the H,O molecules are
in various positions and various electron energies are emitted
from H,O in Figs. 3-5.

B. Trap of electrons

Figures 4(a)-4(c) show the relationship of the ratios of the
seed electron number with the distance from the track for
(a) the C®* ions with the energy of 3 MeV /u (the ion-impact
ionization cross sections of 1.5 x 1075 ¢cm?), (b) the proton
with the energy of 200 keV /u (the ion-impact ionization cross
sections of 4 x 107'® cm?), and (c) the proton with the
energy of 1 MeV /u (the ion-impact ionization cross sections of
107'% cm?) as a function of time, respectively. Here, the seed
electron [we designate this as e~ (sl)] is defined as those
electrons produced from the process of [A*T +H,0 — A" +
H,0" + e~ (s1)], where A** is the C®" ion or the proton. In
these figures, we divide these distances into six regions, that
is,0to 1, 1to2,2to3,3to4,4to5 nm, and larger than
5 nm. The ratios of the electrons trapped within the distance of
5 nm (1 nm) from the track are about 70% (45%), 50% (25%),
and 25% (10%) for the C®* ions with the energy of 3 MeV /u,
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FIG. 4. The relationship of the ratios of the seed electron number with the distance from the track of (a) the C®* ions with the energy of
3 MeV/u (the impact ionization cross sections of 1.5 x 107! cm?), (b) the proton with the energy of 200 keV/u (the impact ionization cross
sections of 4 x 10716 cm?), (c) the proton with the energy of 1 MeV /u (the impact ionization cross sections of 10~!® cm?): The distances are
O,0to 1 nm; O, 1 to2 nm; A, 2to3 nm; X: 3to4nm; %, 4 to5nm, ® over 5 nm.

the proton with the energy of 200 keV /u, and the proton with
the energy of 1 MeV/u, respectively [see Figs. 4(a)-4(c)].
We have found that there is a big difference in the numbers
of electrons trapped in the composite electric field between
the ion-impact ionization cross sections of 1.5 x 107! c¢m?
(in the case of C®* ions with the energy of 3 MeV/u) and
107! cm? (in the case of protons with the energy of 1 MeV /u).

C. Number of the electrons produced here

The number and the initial energy of electrons produced
here play an important role in the DNA damage. Figure 5
shows the electron numbers of (i) seed electrons [e~ (s1)], (ii)
secondary electrons [we designate this as e~ (s2)], (iii) tertiary
electrons [e™(?)], and (iv) electrons emitted from the excited
states of H,O through electron-impact ionization [e™(fe)] as
a function of time. The incident ion and its energy are the
C5* ion and 3 MeV /u, respectively (The incident ion-impact
ionization cross section is 1.5 x 10~!5 ¢cm?). Here, we define
e (s2), e (?), and e~ (fe) as the electrons produced from the
processes [e~ (s1) + H,O — e™ (s 1) + H,OT + e (s2)],
{[e (52, or t, or fe)] + H,O — [e™(s2, or t, or fe)] + H,O1 +
e (0)},and {[ e (s1,s52, ort, orfe)] + HyO* — [e~ (s1, 52, 0r ¢,
orfe)] + HyO" + e~ (fe)}, respectively. As mentioned before,

few e~ (#) and e (fe) are produced by excluding the composite
electric field. Until 100 fs after the ion enters into the target,
the numbers of e (s1) and e~ (s2) dominate. However, the
numbers of e~ (f) and e~ (fe) increase rapidly after 50 fs, and
their numbers become comparable to those of e~ (s1) or e (s2)
around 120 fs. Around 100 fs, the electron density and ion
density within 1 nm from the track of the incident ion become
so high that the recombination processes may start [32], that
is, the number of the electrons decreases or retains a constant
value. However, the recombination processes as well as the
remaining electrons may produce electronic excited states of
H,O, and the excited states of H,O are dissociated into OH,
which gives rise to the DNA damage [9,10].

D. Initial electron energies

Figure 6 shows the electron distributions of [e™(s1) +
e (s2)], e (1), and e~ (fe) as a function of the initial electron
energy. We treat the same incident ion and ion energy as those
in Fig. 5. The electron distributions of [e~(s1) + e~ (s2)]
calculated by excluding the electric fields are also shown
(we designate this as [e”(s1") 4+ e (s2)]). In order to study
the effect of the composite electric fields, we compare the
electron distribution of e~ (f) and e~ (fe) with that of [e~(s1") +
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FIG. 5. The electron number of (i) seed electrons e~ (s1) (),
(ii) secondary electrons e~ (s2) (L), (iii) tertiary electrons e~ (¢) (A),
and (iv) electrons produced from electron-impact ionization from the
excited states of H,O e~ (fe) (X) as a function of time. The incident
ion and its energy (the impact ionization cross sections) are C®* ions
and 3 MeV/u (1.5 x 10715 cm?), respectively.

e~ (s2")]. We have found that the initial energies of e~ (fe)
and e~ (f) are in the range of a few eV and 15 to 18 eV,
respectively, on the other hand, most of the initial energies of
[e~(s1") + e~ (s2)] range from a few eV to 15 eV. Electrons
with energies lower than 10 eV, which corresponds to the
excitation energy of H,O, contribute significantly to DNA
damage through the dissociative electron attachment to H,O,
which produces OH [33], and DNA, which produce DNA
damage [34]. Namely, these electrons eventually contribute
only once to the production of OH or DNA damage. On the
other hand, electrons with energies between 10 and 20 eV
can change the states of atoms to excited or ionized ones, and
their energies become lower than 10 eV. These electrons can
contribute twice to the production of OH or DNA damage. The
number of [e~(s1") + e (s2')] is almost the same as that of
[e(fe) + e~ (¢)] around 100 fs, and the number of [e~(s1") +
e~ (s2)], with the energy greater than 10 eV, is about half
as large as that of e~ (¢). There is a much smaller number of
electrons with initial energies higher than 20 eV for [e~(s1") +
e~ (s2")]. They leave the track of the incident ion and produce
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FIG. 6. The electron distribution of [e (s1) + e (s2)] (%),
[e=(s1") + e (s2)] (X), e (fe) (), and e (¢) (A) as a function
of initial electron energy. The incident ion and its energy (the
impact ionization cross sections) are C°* ions and 3 MeV/u (1.5 x
10715 cm?), respectively.
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OH or DNA damage at places far from the track. On the other
hand, electrons with initial energy lower than 20 eV produce
them near the track. Therefore, we judge that [e~(fe) + e~ (¢)]
contribute more significantly than [e~(s1") 4+ e (s2)] to the
DNA damage, in particular, cluster DNA damage, which is
apt to be produced near the track and may play an important
role in RBE [9,10]. In the case of the irradiation of protons,
none of e~ () and e~ (fe) are created (not shown here). In
this case, this may come from the fact that electron energies
are lower than the excitation and ionization energies of H,O
because the acceleration due to the composite electric field is
weaker.

V. CONCLUSIONS

We incorporate the effect of the composite electric fields
of molecular ions as a simulation tool for the DNA damage
due to the heavy-ion irradiation. Here, the molecular ions are
produced from the incident ion-impact ionization processes.
We calculate (i) the number and the initial energies of electrons
produced from the impact ionization processes of the incident
ion and electrons and (ii) the movement of the electrons in
the composite electric fields. The composite electric fields
due to the irradiation of a C®" ion with energies of a
few MeV/u increase the frequency of the electron-impact
ionization processes near the track of the incident ion. This
leads to an increase in the number of electrons near the track.
Therefore, these composite electric fields may promote the
DNA damage, in particular, cluster DNA damage. The models
given in this paper are also important in atomic and molecular
elementary processes in electric fields and in the production
of plasmas due to heavy-ion irradiation.

The effect of the composite electric fields becomes more
important as the charge of an incident ion becomes higher.
This means that the study of composite electric fields may be
necessary in the research of human bodies or semiconductors
[3] in the space environment, where there are a lot of highly
charged ions. We will study heavier incident ions, such as
Fe?** ions and a target of semiconductors in the future. We
will also treat the ion-impact inner-shell ionization of atoms or
molecules in the target. Although the cross sections of inner-
shell ionization processes by incident ion impact are much
smaller than those of the outer-shell ionization, the inner-shell
ionization produced energetic secondary electrons and Auger
electrons, which may promote DNA damage.
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