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Abstract

Inelastic collisions are the dominant cause of energy loss in radiotherapy. In the energy range around the Bragg peak, sin-
gle ionization (SI) and single-electron capture (SC) are the primary inelastic collisions that lead to energy loss. This study
employs the classical trajectory Monte Carlo method to study the SI and SC processes of H,O molecules using He?* and
C%* projectiles in the energy range of 10 keV/u to 10 MeV/u. The total cross sections, single differential cross sections,
impact parameter dependence of SI and SC, and fragmentation cross sections were investigated. Results illustrate that the
cross section for SI is the highest when the projectile energy is close to the Bragg peak energy. When the projectile energy
is below the Bragg peak energy, the ionized electrons in the forward direction dominate, and the removal of electrons can
be associated with large impact parameters. As the projectile energy increases, the emission angle of the electrons gradually
transitions from small angles (0° ~ 30°) to large angles (60° ~ 120°), and the removal of electrons is associated with small
impact parameters. The energy distributions of the ionized electron are similar when the projectile energy is equal to, below
or above the Bragg peak energy. The fragmentation cross sections after SI and SC in the energy range around the Bragg
peak were also estimated.

Keywords Classical trajectory Monte Carlo - Heavy ion—water molecule collision - Inelastic cross sections

1 Introduction

Over the last two decades, heavy-ion radiation therapy has
gained increasing interest [ 1-5], and many laboratories have
been established to apply helium or carbon ion beams for
therapy research [6—13]. Compared with photon therapy,
heavy-ion therapy has several impressive advantages, includ-
ing conformal dose distribution and high biological effec-
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therapy as a good option for treating radio-resistant and
hypoxic tumors [16—19]. These advantages are generally
attributed to the fact that the ions deposit most of their
energy near the endpoint of their trajectories, thus leading to
a strong localization of the dose, usually known as the Bragg
peak. The energy deposited by heavy ions around the Bragg
peak generates DNA damage, which is generally classified
into two groups “direct and indirect damage” [20]. Direct
damage is caused by low-energy electrons that are produced
in the inelastic collisions of heavy ions with molecules. Fur-
ther ionization is stimulated by these low-energy electrons,
leading to single- or double-stranded breaks in the DNA.
Indirect damage refers to the effects caused by intermediate
species generated by the fragmentation processes associated
with inelastic collisions [21]. These species can further react
with water or diffuse into DNA, where they can trigger other
reactions and damage the molecule. At least approximately
50% of the damage is due to the indirect effect [20]. There-
fore, the investigation of energetic heavy ion—water molecule
inelastic collisions plays a crucial role in heavy-ion radio-
therapy [22] and is one of the most important topics in DNA
damage research.

In the energy range around the Bragg peak, the energy
loss of a heavy-ion beam primarily arises from single ioniza-
tion (SI) and single-electron capture (SC) [23, 24]. Elastic
collisions contribute to energy loss only at lower projectile
energies (E < 10keV/u) [25]. The corresponding datasets,
including ionization, electron capture and fragmentation
cross sections, along with the kinetic energy distributions
of various primary and secondary species, are basic data for
DNA radiation damage research. These cross sections have
been investigated using both experimental and theoretical
approaches.

Several studies have investigated the collisions of bio-
logical molecules that are subjected to energetic ions [26].
In the energy range around the Bragg peak, the total cross
sections for ionization and/or electron capture of water mol-
ecules induced by different charged particles, encompassing
electron [27], proton [28], helium ion [29], lithium ion [30]
and carbon ion [31-33], have been studied experimentally.
However, in terms of assessing differential cross sections
in the energy range around the Bragg peak, the available
experimental studies for heavy-ion projectiles are not exten-
sive, with the majority of the existing results pertaining to
light-ion projectiles such as H* or He?* [34]. Differential
cross-sectional measurements for heavy-ion projectiles are
limited, with only a few experimental data available for C*
[35] and O3* [36] projectiles.

Many phenomenological models have been introduced
to describe ion—water molecule inelastic collisions [37].
Uehara et al. [38] introduced a polynomial fit to describe the
total cross sections of the SI process and single differential
cross sections for protons and alpha particles at projectile
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energies below 300 keV/u. However, the constructed model
tends to underestimate the cross sections at higher energies,
and the discrepancies can be as large as 30% at a projectile
energy of approximately 2 MeV/u [38]. Boudrioua et al.
[39] and Champion et al. [40] conducted calculations using
the first Born approximation (FBA) model for H* and He?*
projectiles in the projectile energy range of 0.1 MeV/u ~
10 MeV/u, respectively. It should be noted that for heavier
ions, such as carbon, the FBA model tends to overestimate
the total cross sections at projectile energies below 1 MeV/u
[41]. Various methods have been proposed to overcome the
limitations of the FBA model, for example, quantum models
such as the continuum distorted wave eikonal initial state
model (CDW-EIS) [31, 42] and semiclassical methods such
as the classical trajectory Monte Carlo (CTMC) method [41,
43]. Bhattacharjee et al. [31] applied the CDW-EIS method
to calculate the single differential cross sections and total
cross sections for C®*, O3+ and Si'>* projectiles at 4 MeV/u.
The results of the single differential cross sections were
compared with experimental data and the results of the O%*
projectile exhibited better agreement than those of the other
two projectiles. Liamsuwan et al. [41] employed the CTMC
method with a one-center model potential to calculate the
total cross sections and single differential cross sections for a
CS* projectile with energy in the range of 1 keV/u~1 MeV/u.
The calculated single differential cross sections agreed well
with the z? scaled proton results at projectile energies of 500
keV/u and 1 MeV/u, but a large deviation was observed for
100 keV/u. Bachi et al. [44] employed the CTMC method
with a three-center model potential to calculate the total
cross sections and single differential cross sections for 4
MeV/u C¢*, Si!3+ and 3.75 MeV/u O3t collisions on water
molecules. Single differential cross sections show that the
contribution of low electron energies is underestimated.
Illescas et al. [45] first estimated the cross sections for
molecular fragmentation after electron removal for H* pro-
jectiles. The fragmentation cross sections of H,O* and OH*
were in satisfactory agreement with the experimental data,
whereas the results of OH* and H* were underestimated at
low projectile energies. To our knowledge, for heavier ions
like He?* and C%* projectiles, the water molecular fragmen-
tation cross sections have not been investigated yet.

To the best of our knowledge, the available theoretical
studies on heavy ions discussed in the literature survey have
primarily focused on the total cross sections with a narrow
energy range and the differential cross sections with a sin-
gle energy. During heavy-ion penetration in water, signifi-
cant energy loss is commonly observed in the energy range
around the Bragg peak [25, 46, 47]. Therefore, one of the
objectives of this study is to provide data for simulations
of the damage caused by heavy ions in the energy range
around the Bragg peak. In this study, we focus on the more
frequently employed ion beams in heavy-ion radiotherapy,
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namely helium and carbon ions. On the other hand, the fun-
damental data at the Bragg peak energy and energies below
as well as above the Bragg peak energy are investigated.
These results include the total cross sections, single differ-
ential cross sections, impact parameter dependence of the SI
and SC, and fragmentation cross sections.

The remainder of this paper is organized as follows. In
Sect. 2, we introduce the method applied to the calculations.
In Sect. 3, we present the results of the SI and SC total cross
sections, single differential cross sections, impact parameter
dependence and fragmentation cross sections for He?* and
C®* projectiles. Finally, the conclusions are provided.

2 Numerical method

In this work, the cross sections are calculated using the
CTMC method. This method is based on simultaneous tra-
jectory simulations of the collision partners, which include
the screened target, projectile charged particle and active
electron. Owing to the convenient description of the interac-
tions between collision partners provided by classical New-
tonian mechanics, this approach is particularly suitable for
studying charged particle collisions with energies ranging
from a few tens of keV/u to tens of MeV/u.

For multi-electron collision systems, two methods are
employed for calculating the cross sections: the independ-
ent electron model (IEM) and the independent event model
(IEVM). In the IEM, the second electron is still considered
to be bound in the H,O molecule after the first electron is
removed. For the IEVM, it is assumed that electron removal
occurs sequentially, which means that the second electron is
attached or removed from H,O™" [45]. Therefore, the [IEVM
is more effective than the IEM in treating multi-electron
collision systems; this study employs the IEVM method
for calculating cross sections, including impact parameter
dependence. The ion—water molecular collision system is
treated as a three-body collision system. The Hamiltonian of
the three-body ion—water collision system can be written as

2 2 2
Py P  Pc
=2 4+ 8 L CLV,R
XM, 2Mg 2 asRa) ()

+VacRye) + VcRpe),

where M, and p; denote the mass and momenta for charged
particles, respectively. A, B and C are the indices of the pro-
jectile, H,O% ion and active electron, respectively. R is the
distance between the different particles. The first three terms
present the kinetic energies of the three particles, and the
next three terms are the interaction potentials of the collision
system. Note that atomic units are adopted throughout this
paper unless otherwise stated.

In the CTMC method, both one- and three-center model
potentials have been proposed to describe water molecular
targets [41, 44]. The former treats the water molecule target
as an atom with a nuclear charge of 10, whereas the latter
incorporates two hydrogen atoms and one oxygen atom to
describe the water molecular target. The three-center model
potential provides a detailed representation of the anisotropy
of the molecular target; however, it entails a more complex
interaction potential (see Ref. [45]). This study adapts the
one-center model potential Vlj(r) proposed in Ref. [48]. The
interaction potentials in Eq.(1) between the different charged
particles are given by

ch:i(’)rzew(") ,i — A,j —B
Vi(r) = @)
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¢ =0 +61:(Z =N, = 1), ©)

where Z; is the bare nuclear charge of the projectile ion or
H,O% ion; N, represents the count of spectator electrons
attached to the core; and €,(r) denotes the screening func-
tion described by the screening parameters (1;, &, &> o ;5
ny; and ) ;). The index i represents a specific particle. (For
simplicity, the index is omitted from the subsequent con-
tent.) Equation (3) illustrates H,O%, which appears as an
exposed nucleus when the collision partner is in proxim-
ity and becomes entirely shielded by the spectator electrons
when the separation distance becomes infinitely large. For
the target (H,O") and projectiles (H*, He?* and C®*) under
investigation, the number of spectator electrons N and the
screening parameters 7, and ¢, are taken from Ref. [48], as
listed in Table 1. The screening parameters #, and {; can be

Table 1 Number of spectator electrons N and the screening param-
eters ({, and 7,) used in the effective charge formula (Eqs. 3-6) for
different targets and projectiles

Ton species N o Mo
H*, He?* and CO* 0 1 0
H,0 9 1.792 2.710
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neglected because Z=10 and N=9. The water molecule target
was represented as a spherically symmetric atom possess-
ing binding energies identical to those of a water molecule
(Table 2) and nuclear charge of Z=10. The binding energy is
required for calculating the initial position and momentum
of the active electron. A detailed description can be found in
Ref. [49]. The initial distribution of each molecular orbital is
determined using the method described in Ref [43], and the
distributions are consistent with those in ref. [43].

The fragmentation cross sections that arise from the SI
and SC processes were also investigated. When a water
molecule undergoes fragmentation due to ionizing radia-
tion, whether through collisions with photons, electrons
or heavy ions, it can break into two or three components
after single-electron removal (SI and SC processes for
ion—-H, O collisions). The fragmentation pattern is inde-
pendent of the projectile type and is mainly determined
by the energy transferred during the collision as well as
the specific molecular orbital where a primary vacancy
is generated [50]. For high-energy electron projectiles,
branching ratios for fragmentation have been proposed
by estimating the experimental data [51]. Therefore, the
fragmentation cross sections can be computed by multi-
plying the corresponding branching ratios.

o> S =1.0065%5(1h,) + 1.006°!(3a))

H,0"
+0.0865S(1b,),
oo =0.706551(1b,), %)
o =0.2205C81(10,)40.746%5 2a,),
63951 =0.266°5(24,).

The computation of fragmentation cross sections has primar-
ily focused on the H* projectile in practical applications. For
projectiles with different charges, the fragmentation cross
sections can be derived using Eq. (7) [45, 50].

Table 2 Electron binding

. Orbital Binding Ny

energies qf water; Ny denoFes energy (V)

the effective number of active

::;fgc;ons for each orbital of the 15, 12.62 2
3a, 14.75 2
1b, 18.51 2
2a, 32.40 2
la, 539.7 2
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3 Results and discussion

This study conducts a detailed investigation of the ion—water
molecule collision involving He>* and C%* projectiles. First,
an extensive comparison between the results obtained using
our CTMC code, experimental data and representative
theoretical results is provided. Subsequently, the total cross
sections and single differential cross sections, as well as
the impact parameter dependence of SI and SC for the five
molecular orbitals, are discussed. Fragmentation cross sec-
tions of the water molecules were also obtained.

The relative uncertainty of the cross section is given by
(52]

Ac;/c; = [(N — N;)/NN;]"/2, (8)

where o, is the cross section and i is the index for different
reactions. N and N, are the initial number of trajectories and
output number of trajectories for different reactions, respec-
tively. These cross-sectional calculations were performed
with at least 10,000 trajectories, and the relative uncertainty
was less than 15%. A slight difference was observed when
different input parameters, such as the time step and initial
distance between the projectile ion and target, were selected.
The effects of these input parameters are discussed in our
previous study [52].

3.1 Comparison of experimental and theoretical
results

The SI and SC total cross sections for the fully stripped
ion (He?* and C%*)—water molecule collisions in the energy
range around the Bragg peak were calculated to compare
our results with the available experimental and theoretical
results. Additionally, single differential cross sections for the
C%* projectile at 4 MeV/u, as well as fragmentation cross
sections for the H* projectiles, are presented.

Figure 1 presents a comparative analysis of the total cross
sections of SI and SC. This includes the results obtained
using our CTMC code, experimental data [31, 40, 53] and
other theoretical results. In Fig. 1a, the total cross sections
for the SI calculated using our CTMC code for He**+H,0O
agree well with the experimental data. The FBA results for
the C6++H20 collision include those obtained from ref. [53].
Notably, the CTMC results exhibit better agreement with
the experimental data than the FBA results. Moreover, our
results for Co*+H,0 agree well with calculation provided
by Liamsuwan [41], which utilized the CTMC method with
the one-center model potential and the IEVM. Figure 1b
presents a comparison of the total cross sections of the
SC. Good agreement was found between the results of our
CTMC code and the experimental data. As no experimental
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Fig.1 (Color online) a SI and b SC total cross sections for He**
+H, O (dashed line) and C6++H20 (solid line) collisions. The results
obtained using our CTMC code (black line), CTMC results by Liam-
suwan [41] (red line), CTMC results by Illescas [45] (green line),
FBA results by Dal Cappello [53] (yellow line), CDW-EIS results by
Quinto [42] (purple line) and experimental data taken from different
sources [31, 40, 53] (black solid squares)

data exist for SC cross sections for carbon ions, we com-
pared our CTMC results with CDW-EIS [24] and found
good agreement.

In Fig. 2, we present a comparison of single differen-
tial cross sections obtained using our CTMC code with
experimental data [31] as well as other theoretical results
(CDW-EIS results from Ref.[31] and CTMC;_.. ., results
from Ref. [44]). Figure 2a shows the single differential
cross sections of the electron energy for C®*+H,O colli-
sions at 4 MeV/u. The CTMC results agree well with those
of CTMC;_ .- The experimental data were in better agree-
ment with our CTMC results than with those obtained using
the CDW-EIS method. Figure 2b illustrates the single differ-
ential cross sections of the electron angle. CTMC; ., and
CDW-EIS results exhibited a similar profile for the single
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Fig.2 (Color online) Single differential cross sections of electron a
energy and b angle for C*+H,O collision at 4 MeV/u. The results
of this work were obtained using our CTMC code (black solid line).
Results by the CDW-EIS method (purple dashed line) [31]. Results
by the CTMC; . method (green dashed line) [44]; Experimental
data (black solid squares) [31]

differential cross sections, featuring a peak around a 75°
angle. Although our CTMC results also display a maximum
at approximately the same emission angle, the overall spec-
tral behavior exhibits a slight difference.

Figure 3 compares the fragmentation cross sections
of H,0%, OH*, H* and O™ fragments after the ST and SC
processes for H*+H, 0. The results for the fragmenta-
tion cross sections obtained using our CTMC code and
the experimental data from Ref. [29] and the theoreti-
cal results of Ref. [45] are illustrated. Our CTMC results
illustrated in the upper panel that examine the fragmen-
tation cross sections after SI agree well with those in
Ref. [45]. However, our results regarding H* and O*
show deviations within 50% compared with the experi-
mental data from Ref. [29] for projectile energies below
500 keV/u. The lower panel presents our CTMC results
for fragmentation cross sections after SC and reveals

@ Springer
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Fig.3 (Color online) Fragmentation cross sections of H,O*, OH*,
H* and O* fragments following the (upper panel) SI and (lower
panel) SC processes in H*+H,O collisions (solid line), theoretical
results of Ref. [45] (dashed line) and experimental data of Ref. [29]
(solid squares)

underestimations of the results of H* and O* by approxi-
mately 30% of the experimental data at low projectile
energies (E<100 keV/u). The observed discrepancy in
the fragmentation cross sections after the SI and SC pro-
cesses can be attributed to the underestimated partial
cross section of the 2a; molecular orbital [45]. Neverthe-
less, for the H,O" and OH* fragments, our results exhibit
satisfactory agreement with the experimental data.

@ Springer

for oxygen) for H,O should be provided. The region of high
energy loss of helium and carbon ions in water is defined as
the Bragg peak region. The projectile energy range of the
Bragg peak region is defined as the energy range around the
Bragg peak according to the SRIM calculation results. The
projectile energy with the maximum energy loss is defined
as the Bragg peak energy. Apart from the projectile energy
with the maximum energy loss, we also chose two projec-
tiles with similar energy losses: One was lower than the
Bragg peak energy, and the other was greater. The selected
representative projectile energies and the corresponding
total cross sections of the SI for C%* and He?* are listed in
Table 3. In combination with the total cross sections of the
SIin Fig. 1a, we determined that the total cross section is the
highest when the projectile energy is close to the Bragg peak
energy. A “one peak structure” is present for the total cross
sections of SI in the energy range around the Bragg peak.
The single differential cross sections of the electron
energy for He?*+H,0 and C®*+H,0 collisions at specific
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Table 3 Selected projectile energies and corresponding SI cross sec-
tion for C®* and He?* around the Bragg peak

Projectile Projectile energies dE/dx SI cross section
(keV/u) (keV/pm) (cm?)
He+ 20 101.9 4.0x10716
150 232.2 1.0x1071
1000 106.4 3.0x10716
cs+ 40 347.2 5.5x10716
350 908.5 1.4x1071
4000 333.1 6.9x1071°

projectile energies are shown in Fig. 5a and b, respectively.
The energy distributions for the different projectile ener-
gies exhibited a similar shape. The single differential cross
sections decreased as the electron energy increased. The
percentage of low-energy electrons (<20 eV) was above

~ 1E-16{@) He” +H,0 iSokeviu -
'> = 1000 keV/u
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Fig.5 (Color online) Single differential cross sections of electron
energy for a He*+H,0 and b C®*+H,0 collisions at specific pro-
jectile energy range around the Bragg peak (20 keV/u, 150 keV/u and
1000 keV/u for He?*; 40 keV/u, 350 keV/u and 4000 keV/u for Co+)

50% in both He?* and C®* projectiles. Consequently, it can
be inferred that the energy distributions of the electrons
are similar when the projectile energy is equal to, below
or above the Bragg peak energy.

Figure 6a and b presents the single differential cross
sections of the electron angle for He?*+H,0 and C%*+H,0
collisions, respectively. Low-energy projectiles tend to
ionize electrons in a nearly forward direction (0° ~ 30°).
At higher projectile energies, ionized electrons tend to
be emitted at larger angles (60° ~ 120°). In the classical
description of ionization, when the projectile velocity is
much lower than the ionization cross-sectional maximum
(as in the case shown in Fig. 1, 350 keV/u for C%* and 150
keV/u for He?*), the primary mechanism is saddle-point
ionization. The longitudinal momentum of the ionized
electrons was greater than zero, and there was an asym-
metric shell of ionizing electrons in the direction of the
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— 1000 keV/u
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Fig.6 (Color online) Single differential cross sections of electron
angle for a He>*+H, 0 and b C®*+H, O collision at specific projectile
energy range around the Bragg peak (20 keV/u, 150 keV/u and 1000
keV/u for He?*; 40 keV/u, 350 keV/u and 4000 keV/u for Co+)
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projectile. As the projectile energy increases, saddle-point
ionization is replaced by a direct ionization mechanism in
which most electrons depart with a longitudinal momen-
tum close to zero [55]. This results in larger emission
angles at higher projectile energies. This effect has also
been observed in ion—atom collisions [56]. Projectile ener-
gies higher than the Bragg peak energy were smaller at
lower angles of 15° ~ 30°. This can be described by the
forward—backward asymmetry parameter (FBPA) [28],
which is essential for understanding the electron angular
distribution. The FBPA was calculated as follows:

_ (@) —o(x—-0)
“O= o) vo -6y ®

where o(0) and o(x — 0) denote the absolute single differ-
ential cross section at the lowest forward angle () and its
exact opposite backward angle (z — 0), respectively. We cal-
culated the FBPA at §=15°, as listed in Table 4. The results
show that the FBPA at projectile energies above the Bragg
peak energy is lower than that at projectile energies below or
equal to the Bragg peak energy. This trend indicates that the
gap between the proportions of forward (0° ~ 15°) and back-
ward (165° ~ 180°) ionized electrons is smaller for projectile
energies above the Bragg peak energy. Based on the results
for the single differential cross section of the electron angle,
it was observed that when the projectile energy is lower,
equal to or higher than the Bragg peak energy, the emission
angle of the electrons gradually transitions from small angles
(0° ~ 30°) to large angles (60° ~ 120°).

3.3 Impact parameter dependence for He?*+H,0
and C*+H,0 collisions

In this subsection, the percentage of the ionized elec-
trons from the five molecular orbitals for different impact
parameter ranges are discussed. The impact parameter
dependence P (b) is the normalized single differential
cross section of the impact parameter, which is expressed
in terms of

Table 4 FBPA at different projectiles for He?* and C* using 6=15°

Projectile Projectile energies FBPA
(keV/u)

He?* 20 0.87
150 0.94
1000 0.69

o+ 40 0.92
350 0.94
4000 0.52
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where % is the single differential cross section of impact

parameter for a specific molecule orbital, and index L

denotes different molecular orbitals. <¥) is the maxi-

max
mum value of the single differential cross section of the

impact parameter dependence for the five molecular orbitals.
Py (D) for the five molecular orbitals (yellow curve) are also
presented, which reflects the contribution of each orbital to
the ST or SC processes for different impact parameter ranges.
This directly results in different fragmentation cross sec-
tions, as indicated in the next subsection. The contribution
of each orbital as a function of the impact parameter is of
particular significance [57]. This information constitutes
input data for the Monte Carlo simulation code [58].

Figure 7 shows the results for projectile energies of 20,
150 and 1000 keV/u. The impact parameter dependence of
the SI does not exhibit a significant difference for different
projectile energies, which implies that the contribution of
each orbital is similar at different projectile energies. The
impact parameter dependence for each orbital and its total
generally increased and then decreased as the impact param-
eter increased. This behavior is attributed to the prevalence
of multi-electron processes over single-electron processes
in a small impact parameter range [44]. However, the exci-
tation processes become dominant for large impact param-
eters. Consequently, the SI process appears to dominate in
the medium impact parameter regions, for example, 1 ~ 3
a.u. is the region where SI dominates for 150 keV/u He?t,
as shown in Fig. 7b, where the atomic unit of length (a.u.)
is the classical Bohr radius g, of the ground state electron.
With respect to the contributions of the molecular orbit-
als, there is a negative correlation with the corresponding
binding energies. A higher binding energy of the molecular
orbitals is attributed with a smaller peak value of the impact
parameters and larger impact parameter corresponding to the
peak position. For example, in the case of 150 keV/u shown
in Fig. 7b, the ionized electrons in the large impact region
are mainly lower binding energy electrons (Ey;, ~12.62 ¢V,
E;, ~14715eV and E,, ~18.51 eV). This result conforms
to our intuition and experience with ion—atom collisions. It
is well known that an electron from an orbital with a lower
binding energy is more easily pulled out by a projectile.
Moreover, for variations in the impact parameter dependence
around the Bragg peak, electrons tend to be ionized in the
large impact parameter when the projectile energy is below
the Bragg peak energy. When the projectile energy exceeds
the Bragg peak energy, the electrons tend to be ionized with
a small impact parameter.

For the SC of the He”" projectile shown in Fig. 8,
one can see that the contributions of 15, 2a; and la,
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(a) 20keV/u He?'(ST)
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Fig.7 (Color online) Impact parameter dependence of SI for la,
(purple), 15, (black), 15, (blue), 2a, (green) and 3a, (red) molecular
orbitals as well as the sum of five molecular orbitals (yellow) for He**
projectile at a 20 keV/u, b 150 keV/u and ¢ 1000 keV/u

(a) 20keV/u He*'(SC)  —

b (a.u.)

(b) 150keV/u He*'(SC) ——1p,

0.21

0.0 ' . . : .
00 05 10 15 20 25 3.0

b (a.u.)

104 (©) 1000 keV/u He*(SC)

00 02 04 06 08 1.0
b (a.u.)

Fig.8 (Color online) Impact parameter dependence of SC for la,
(purple), 1b, (black), 15, (blue), 2a, (green) and 3a, (red) molecular
orbitals as well as the sum of five molecular orbitals (yellow) for the
He?* projectile at a 20 keV/u, b 150 keV/u and ¢ 1000 keV/u
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orbitals dominate at 20, 150 and 1000 keV/u, respec-
tively. This behavior is observed because a bound elec-
tron with a velocity closer to that of the projectile is
more likely to be captured by the projectile [42]. The
velocities of the bound electron and the He>" projectile
with an energy of 1000 keV/u can be easily obtained,
that is, Vip, ~ 0.0070c, Vi, ~ 0.0076¢, Vip, ~ 0.0085c¢,
Vyq, ~ 0.0113¢, v, ~ 0.0459¢, vy, ~ 0.0921c, where c is
the speed of light. Among the bound electrons, the veloc-
ity of the la, electron is the closest to that of the He?*
projectile with an energy of 1000 keV/u. Consequently,
the 1a, electrons dominate the SC process. By comparing
the impact parameter dependence of SC around the Bragg
peak, it can be concluded that when the electron velocity
is close to that of the projectile, the corresponding orbital
dominates the SC process.

The impact parameter dependence of SI for the C®* pro-
jectile at 40, 350 and 4000 keV/u is shown in Fig. 9. A
behavior similar to that of the He>* projectile was observed.
A “one peak structure” for the impact parameter depend-
ence of the five orbitals is present. Furthermore, for the
result at 40 keV/u shown in panel (a), there is a “bimodal
structure” for impact parameter dependence of the sum (yel-
low curve) that has not been observed in other cases. This
structure is observed because electrons dominate different
impact parameter regions for different orbitals. Then, the
superposition of the individual orbitals leads to a “bimodal
structure”. For example, for the results of 40 keV/u, the ion-
ized electrons from the 1a, and 2a, orbitals dominate in the
small impact parameter range (0 < b < 3), and those from
the 1b,, 3a, and 1b, orbitals dominate in large impact param-
eter range (3 < b < 10). Therefore, the “bimodal structure”
for impact parameter dependence of the sum at 40 keV/u is
generated.

The SC parameter dependence of the C%* projectile at
40keV/u, 350 keV/u and 4000 keV/u is shown in Fig. 10.
The SC process showed a trend similar to that of the results
for the He?* projectile, where the dominance of the impact
parameter dependence for a specific orbital depends on
whether the electron velocity is close to the projectile veloc-
ity. In particular, for the results at 4000 keV/u, nearly all the
capture processes are contributed by the 1a, orbital. It can be
anticipated that as the projectile energy increases, the cap-
ture process will be entirely contributed by the 1a; orbital.
However, it should be noted that at higher projectile ener-
gies, the SC cross section is significantly lower than the SI
cross section (several orders of magnitude). Consequently,
the contribution of specific orbitals to the SC process is no
longer a critical factor.

The following conclusions can be drawn based on the cur-
rent results regarding the impact parameter dependence: (i)
For the impact parameter dependence of SI and SC, when the
projectile energy is below the Bragg peak energy, the removal

@ Springer

G.-Z Lietal
(a) 40keV/u C*(SI) b,
1 0 N 3a| N
——1b,
0.8+ 2a; 7
. la,
2 0.6 total A
~
[a W
0.4 1 y
0.2 1
0.0+=/—— . .

0 2 4 6 8 10 12

b (a.u.)
Lol ®)350keVCh(s) ]
3a,
0.84 b
2a,
2 0.6- o
:8:] : total
[a )
0.4- -
0.2- -
004 =~ N
0 1 2 3 4 5 6 7 8
b (a.u.)
(c) 4000 keV/u C**(SI) —
1.0' 3 )
a
—— b,
0.8+ 2a, ]
— la,
‘Q o -
\(}0.6 total
[

b (a.u.)

Fig.9 (Color online) Impact parameter dependence of SI for la,
(purple), 1b, (black), 1b, (blue), 2a, (green) and 3a, (red) molecular
orbitals as well as the sum of five molecular orbitals (yellow) for C®*
projectile at a 40 keV/u, b 350 keV/u and ¢ 4000 keV/u



Investigations of inelastic cross sections of H,0 molecule by He?* and C** ...

Page 11 0of 14 35

. (a) 40keV/u C*7(SC) ——1b,
01 S
— b,
0.8" 231 T
~~ la,
'\%0-6' total ]
[a )
0.4 .
0.21 .
0.0 ==, . . —_
0 2 4 6 8 10
b (a.u.)
(b) 350keV/u C(SC) —— 11,
1.0 s
—1b
0.8 2a,
_ la,
%06' total
A
0.41 .
0.2 / A '
0.0 i _/I ‘%:,,:,Ii - - ;7\ﬁ
05 1.0 15 20 25 3.0 3.5
b (a.u.)
1.2 ; . . . .
(c) 4000 keV/u C**(SC)—1b,
1.0+ 3a;, 1]
I\ — b,
0.8‘ 2a1 7
o la
= 0.64 ‘ totlal 1
0.4 | .
0.21 .
00—
00 02 04 06 08 1.0 12

b (a.u.)

Fig. 10 (Color online) Impact parameter dependence of SC for la,
(purple), 15, (black), 15, (blue), 2a, (green) and 3a, (red) molecular
orbitals as well as the sum of five molecular orbitals (yellow) for the
Co* projectile at a 40 keV/u, b 350 keV/u and ¢ 4000 keV/u

of electrons (SI and SC processes) can be associated with
larger impact parameters. As the projectile energy increases,
the removal of electrons can be associated with small impact
parameters. (ii) Regarding the impact parameter dependence
of the SC, the dominance of a particular orbital at different
projectile energies depends on whether the electron velocity
is close to the projectile velocity. (iii) At different energies,
each molecular orbit exhibits a “one peak structure” of the
impact parameter dependence. In contrast, the impact param-
eter dependence of the sum must consider the superposition
of the individual orbitals, perhaps with a “bimodal structure”.

3.4 Fragmentation cross sections for He?*+H,0
and C5*+H,0 collisions

The fragmentation cross sections significantly influence the
radiation damage caused by heavy-ion beams to biological
systems, which is deemed the primary factor contributing to
indirect DNA damage [7]. The fragmentation cross sections
for He?*+H, 0 and C%"+H,O collisions are investigated in
the following paragraphs.

The fragmentation cross sections after SI and SC for He?*
+H,0 and C**+H,O0 collisions are shown in Fig. 11. In the
fragmentation cross sections after SI, as shown in Fig. 11a,
the cross section of each fragment increases and then
decreases as the projectile energy increases. These curves are
nearly parallel because the contributions of the 1b,, 2a,, 3a,
and 1b, orbitals to the ionization remain nearly constant as
the projectile energy increases [42]. Regarding the fragmen-
tation cross sections after SC, as shown in Fig. 11b, the cross
sections of each fragment decrease as the projectile energy
increases. As expected, the lines representing the fragments
H* and O™, as well as H,O* and OH", exhibit parallel behav-
ior. Although the fragmentation cross sections after SC at
energies above 700 keV/u are not presented, it can be pre-
dicted that the cross section of H* will be higher than that
of H,0" and the cross section of OF will be higher than that
of OH* with projectile energy increase. For example, for the
C%* projectile, the H* fragmentation cross section is lower
than that of H,O" at 40 keV/u, whereas at 4000 keV/u, it can
be predicted that the H* fragmentation cross section will be
higher than that of H,O". This trend can be attributed to the
increasing contribution of the 2a, orbital, which primarily
influences the fragmentation cross sections of the H* and
O* fragments after SC. As the projectile energy increases,
the energy dependence of the 2a, orbital changes the slope
of the H" and O™ lines but does not affect the other two lines.

Three conclusions can be drawn from these results: (i) In
the energy range below the Bragg peak energy, the fragmen-
tation cross section after SI increases and then decreases as
the projectile energy increases, and the fragmentation cross
section after SC decreases as the projectile energy increases.
(i1) In the energy range above the Bragg peak energy, the
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Fig. 11 (Color online) Cross sections for the formation of H,Ot,
OH*, H* and O* fragments after a SI and b SC in He’*+H,0 and
C%+H, 0 collisions

fragmentation cross section after SI and SC decreases as the
projectile energy increases. Particularly for the fragmentation
process after SC, the relative magnitudes of the fragmenta-
tion cross sections of H* and H,O* as well as of O* and OH*
exhibit discrepancies. (iii) For the fragmentation cross sections
after SI, the H,O" fragments are dominant in the energy range
around the Bragg peak. For the fragmentation cross sections
after the SC, the H,0O* fragment dominates in the energy range
below the Bragg peak energy, whereas the H* fragment domi-
nates in the energy range above the Bragg peak energy.

4 Conclusion
This paper investigates the cross sections of SI and SC and

the fragmentation processes for heavy ion (He?* and C%*
)—-H,O collisions in the energy range around the Bragg peak.

@ Springer

The single differential cross section and impact parameter
dependence of different molecular orbitals at specific ener-
gies were explored. The conclusions are summarized as
follows:

(1) The obtained single differential cross section of the
electron angle reveals angle distribution discrepan-
cies in the energy range around the Bragg peak. As
the projectile energy increases, the emission angle of
the electrons gradually transitions from small angles
(0° ~ 30°) to large angles (60° ~ 120°). For the sin-
gle differential cross sections of electron energy, the
results indicate that the energy distributions of ion-
ized electrons are similar when the projectile energy
is equal to, below and above the Bragg peak energy.

(ii)) Dependence of SI and SC on impact parameters:
When the projectile energy is below the Bragg peak
energy, the removal of electrons is associated with
large impact parameters. As the projectile energy
increases, the removal of electrons can be associated
with small impact parameters. For the impact param-
eter dependence of SC, the dominance of a particular
orbital at different energies depends on whether the
electrons in that orbital have velocities similar to that
of the projectile.

(iii) For the fragmentation cross sections after SI, the
H,O% fragments are dominant when the projectile
energy is equal to, below and above the Bragg peak
energy. For the fragmentation cross sections after SC,
the relative magnitudes vary at different energies. In
the energy range below the Bragg peak energy, the
H,O* fragment dominates. In the energy range above
the Bragg peak, the H* fragment is dominant.

In summary, a reliable CTMC code was developed to present
a microscopic reaction cross-sectional database relevant to
heavy-ion radiotherapy. The SI and SC processes and the
fragment yields were investigated within the energy range
around the Bragg peak. The presented results can help
improve our understanding of heavy-ion radiotherapy.
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