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Abstract. We report calculations on single differential and total cross sections for single ionization and
single electron capture from biological targets, namely, vapor water and DNA nucleobasese molecules, by
bare projectile impact: H+, He2+, and C6+. They are performed within the Continuum Distorted Wave
– Eikonal Initial State approximation and compared to several existing experimental data. This study is
oriented to the obtention of a reliable set of theoretical data to be used as input in a Monte Carlo code
destined to micro- and nano- dosimetry.

1 Introduction

Electron ionization and electron capture from atoms and
molecules by charged particle impact are of relevance in
many areas like astrophysics, plasma physics, and radiobi-
ology. In particular, in medical physics they are the main
mechanisms leading to energy loss for swift ions in the
living matter at medium and high impact energies.

In order to model the radiobiological damages induced
by ionizing particles traversing the living matter, a pre-
cise knowledge of the full radiation history is required.
Different electronic reactions must be properly character-
ized in order to give an accurate description of the cell-
damaging processes and the dose deposition. Monte-Carlo
(MC) track structure codes are among the best-suited
tools to investigate these magnitudes since they provide an
adequate description of the radio-induced energetic pat-
tern at the finest scale. To this end the MC codes must be
supplied with a full set of cross sections data for all the
involved electronic reactions. On the other hand, biolog-
ical tissue is usually modeled simply as water since this
molecule represents about 80% of its composition.

The main physical reactions involved in the energy de-
position process are usually studied by means of classical
and semiempirical models [1–4]. We propose to use the
state-of-the-art quantum-mechanical models, such as the
Continuum Distorted Wave-Eikonal Initial State (CDW-
EIS) one, to investigate electron ionization and electron
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capture when different molecular targets are irradiated
by single and multiple charged ions at intermediate and
high collision energies [5]. In particular we will focus our
interest on the more frequently ion beams employed in
hadrontherapy, namely, protons, helium and carbon ions.
Previous calculations of doubly differential, single differ-
ential and total cross sections for water vapor and DNA
nucleobases were done using the CDW-EIS and the first
Born approximation with correct boundary conditions
(CB1) [6–12].

In this work we present single differential and total
cross sections for single electron ionization and single elec-
tron capture. The results are thoroughly compared with
existing experimental data. We focus our interest in the
cases of water vapor and DNA nucleobases, namely, ade-
nine, cytosine, guanine and thymine. As a result, these
calculations will be incorporated in a near future into the
TILDA-V Monte Carlo code to determine the energy de-
position patterns at the micro- and nano-meter scales in
a simplified description of the cellular nucleus [13].

Atomic units will be used unless otherwise stated.

2 Theory

Let us consider an incident bare ion of charge ZP imping-
ing on a molecular target with a velocity v. The impact
velocities involved are high enough, so that we can con-
sider the times associated to the vibration and rotation
of the molecules to be much larger than the characteristic
times of the collision. It is then possible to assume that
the molecular nuclei remain fixed in their initial positions
during the reaction. With regard to the multielectronic
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problem, it is reduced to the analysis of a one-active elec-
tron system by considering that all the other electrons (the
passive ones) remain frozen in their initial orbitals during
the collision and that the active electron evolves indepen-
dently of them in an effective mean field of the residual tar-
get. This approximation was first formulated with success
to study electron capture [14] and ionization [15] (see also
Refs. [16,17] for the case of atomic targets). It was then
extended to molecular targets for both reactions, electron
capture [18] and ionization [19].

Therefore, within the independent electron model and
considering that there is just one active electron, the mul-
tielectronic Hamiltonian can be reduced to:

Hel = −1
2
�2 + VT (x) + VP (s) + Vs(R) (1)

where x (s) is the active electron coordinate in the tar-
get (projectile) reference frame, VT (x) is an effective one-
electron target potential, VP (s) = −ZP /s is the interac-
tion between the bare projectile and the active electron,
and Vs(R) is the interaction of the projectile with the tar-
get nuclei and the passive electrons. This last potential
depends only on the internuclear coordinate R and thus,
within the straight-line version of the impact-parameter
approximation gives rise to a phase factor which only af-
fects the projectile scattering [15]. In the following as we
are not interested in the angular projectile distribution we
will drop this term.

We perform the calculations by means of the CDW-
EIS approximation that was first introduced by Crothers
and McCann to study the single ionization of H by bare
ion impact [20]. The CDW-EIS approximation was pro-
posed to improve the large overestimation of the total
cross sections, at intermediate impact energies obtained
with the Continuum Distorted Wave (CDW) model [21],
which was originated by the lack of normalization of at
least one of the distorted wave functions in the initial and
final channels. Using the same argument, the CDW-EIS
approximation was introduced to investigate the electron
capture [22]. This approximation solves the above men-
tioned problem, both for ionization and electron capture
and exhibits, in general, a very good agreement with ex-
isting experimental data for differential and total cross
sections.

CDW-EIS is the first order of a distorted wave series
in which the initial and final distorted waves in case of
ionization are proposed as:

χ+
i (x, t) = Φi(x, t)L+

i (s) (2)

χ−
f (x, t) = Φf (x, t)L−

f (s), (3)

respectively. In equations (2) and (3), Φi(x, t) =
φi(x) exp (−ıεit) and Φf (x, t) = φf (x) exp (−ıεf t) are ini-
tial and final target orbitals, respectively, solutions of the
time-dependent Schrödinger equation. Also, εi is the elec-
tron energy of each one of the molecular orbitals and εf

is the electron energy in the final state. The initial-bound
wave function, φi(x), of each molecular orbital is consid-
ered as a linear combination of the atomic orbitals of its
compounds (see Appendix A).

For the case of target ionization, considering an effec-
tive coulomb target potential VT (x) = −Z̃T /x in the exit
channel, the target final-continuum state is written as:

φf (x) =
1

(2π)3/2
exp (ık · x)

×N∗(λ) 1F1 [−ı λ, 1,−ı (kx + k · x)] , (4)

with energy εf = k2/2, being k the ejected elec-
tron momentum in the target reference frame, N(a) =
exp(πa/2)Γ (1 − ıa) (with Γ being the Euler’s Gamma
function) is the normalization factor of the 1F1 hyper-
geometric function, and λ = Z̃T /k with Z̃T an effective
charge. This charge is chosen in correspondence with the
energy of each molecular orbital as Z̃T =

√−2n2εi, being
n the principal quantum number of each atomic orbital
used to describe the molecular orbitals.

The initial distortion is proposed as:

L+
i (s) = exp [−ıν ln(vs + v · s)] , (5)

whereas the final distortion is chosen as:

L−
f (s) = N∗(ζ) 1F1 [−ıζ; 1;−ı (ps + p · s)] (6)

where v is the projectile velocity, ν = ZP /v, ζ = ZP /p
and p = k − v is the ejected electron momentum in the
projectile reference frame.

In the case of electron capture the initial distortion
and the active electron initial orbital remain unchanged
with respect to the case of ionization (see Eq. (2)). On
the other hand, the final distortion wave is considered as:

χ−
f (s, t) = Φf (s, t)L−

f (x), (7)

where Φf (s, t) = φ(s) exp
(
−ıεf t + ıv · x− ı v2

2 t
)

is the fi-
nal projectile state and εf is the corresponding electron
energy. Besides, the final distortion is chosen as:

L−
f (x) = N∗(ξ) 1F1 [−ıξ; 1;−ı (vx + v · x)] (8)

with ξ = Z̃T /v, whereas the active electron final state,
φf (s), is a hydrogenic projectile bound state with charge
ZP and energy εf = −ZP /(2n2

P ), being nP its principal
quantum number.

The prior-version of the transition amplitude for the
CDW-EIS approximation can be written as:

A−
if (ρ) = −ı

∫ +∞

−∞
dt

〈
χ−

f

∣∣∣∣
[(

Hel − i
∂

∂t

)∣∣∣∣χ+
i

〉 ]
(9)

provided now that the initial distorted wavefunction
χ+

i does not contribute to the transition amplitude as
t → +∞.

3 Results and discussions

We show in Figure 1 the single differential cross sections
(SDCS) for single ionization of an isolated water molecule
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Fig. 1. Single differential cross sections for single electron ionization of water vapor molecules by bare-ion impact as a function of
the ejected electron energy for different projectile–incident energy combinations. Left panel: 500 keV and 3 MeV H+ projectiles;
center panel: 500 keV/amu and 6 MeV/amu He2+ projectiles; right panel: 500 keV/amu and 6 MeV/amu C6+ projectiles. Solid
line: present prior CDW-EIS calculations. Experimental data: �, ✫, ◦ Toburen and Wilson [34]; � Ohsawa et al. [35]; � Dal
Cappello et al. [36].

impacted by three different bare projectiles, H+, He2+,
and C6+, as a function of the ejected electron energy at
fixed impact energies. As mentioned, CDW-EIS calcula-
tions are obtained in its prior-version, which is known to
take into account approximately the dynamical interac-
tion of the passive electrons on the ejected one in the exit
channel [10,23]. For all projectiles the agreement with ex-
perimental data is remarkable in almost all the considered
energy range above ∼10 eV. The large discrepancies found
for proton impact in the energy range below 10 eV could
be mainly due to experimental limitations [24]. For larger
emission energies, above ∼1 keV, a small underestimation
of the experimental results is found for protons. In the
proton and alpha particle cases the experiments show evi-
dence of the Auger electron emission, which is not included
in the present theoretical model.

In Figure 2, we present the total cross sections (TCS)
for electron ionization and electron capture of an isolated
water molecule by impact of the same ions, above men-
tionated, as a function of the incident energy. For all of
them a good agreement with experimental data is found
in almost all the presented energy range. In the case of
electron ionization by C6+, only one experimental result
is available in the literature, which is obtained as a re-
sult of the numerical integration of SDCS [25]. Besides, no
experimental data are available for electron capture. We
must also indicate that the theorical calculations overes-
timate the experimental data at collision energies lower
than 150 keV/amu for alpha particle impact. Also, for the
proton case, the recent theoretical calculations performed
with CDW-EIS Molecular Orbital (CDW-EIS-MO) model

have been reported [26]. In the case of ionization, a slight
discrepancy, of the order of 20%, between theories come
out in the medium energy range, while for hight impact
energy, they show a very good agreement. The discrep-
ancy in the medium energy range could be due to the
different description of the target. In the present calcu-
lations a monocentric CNDO description is used. On the
contrary, in [26] the geometric distribution of the com-
pounding atoms of the molecule was considered. More-
over, in CDW-EIS-MO the influence of the inner orbital
of H2O is neglected. Further, for the capture process a
good agreement between theories is found for all the pre-
sented impact energies range.

In Figure 3, we show the different molecular orbital
contributions to the TCS for electron ionization and elec-
tron capture of an isolated water molecule by alpha par-
ticle impact. The contribution to ionization total cross
sections is dominated by the outermost orbitals being de-
creasing their contributions according to the strength of
the binding energy. It is well-known for electron capture
from atomic targets, that the corresponding total cross
section is dominated when the projectile momentuum ap-
proches the electron orbital momenta. Therefore the re-
action is preferable from outer orbitals to inner ones as
the collision energy increases. For the present molecular
case the same behavior is observed, so that capture from
the inner orbitals governs the TCS at enough high impact
velocities.

In Figure 4, we present theoretical predictions of TCS
for single ionization of DNA nucleobases interacting with
alpha particle. To the best of our knowledge there are still
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Fig. 2. Total cross sections for single electron ionization (left panel) and single electron capture (right panel) of water vapor
by bare-ion impact as a function of the incident projectile energy. Solid line: present prior CDW-EIS calculations, dashed line:
CDW-EIS-MO calcultations [26]. Experimental data: ✫ Rudd et al. [37]; ◦ Bolorizadeh and Rudd [38]; � Tavares et al. [39];
� Rudd et al. [40]; � Toburen et al. [41]; � Rudolph and Melton [42]; ∗ Liamsuwan and Nikjoo [25]; � Toburen et al. [43]; +
Gobet et al. [44]; � Rudd et al. [40].

Fig. 3. Total cross sections for single electron ionization (left panel) and single electron capture (right panel) of water vapor
by alpha particle impact as a function of the incident projectile energy. Lines: present prior CDW-EIS calculations showing the
contribution of each individual molecular orbital: 1b1 (dashed line), 3a1 (dotted line), 1b2 (dash-dotted line); 2a1 (dash-dot-doted
line); 1a1 (short-dashed line), sum of all molecular orbitals (solid line). Experimental data: same as in Figure 2.

no available experimental data for these systems. Present
results are compared with other theoretical ones obtained
employing a simpler approximation where a Classical
Trajectory Monte Carlo (CTMC) and a Coulomb Over
Barrier models (CTMC-COB) where combined [1,2]. It
considers that at a distance where the maximum of the
potential resulting from the combination of the projectile
and target ones reaches the level corresponding to a cer-
tain initial bound state, an electron is “created” and then

its trajectory is classicaly followed [1,2]. The maxima of
CTMC-COB TCS appear at lower impact energies that
CDW-EIS ones. At larger collision velocities CTMC-COB
results underestimate the CDW-EIS ones by a factor of
the order of ∼1.6.

Figure 5 shows the same results obtained for single ion-
ization of DNA nucleobases compared to water vapor by
alpha particle impact all normalized to the total number
of electrons (Ne) of each molecule. The close agreement
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Fig. 4. Solid lines: present prior CDW-EIS calculations of TCS
for single electron ionization of DNA nucleobases as a function
of the incident alpha particle energy. Dashed lines: CTMC-
COB calculations from Lekadir et al. [2] for ionization are
shown.

found at high enough energies for all the targets shows
that there is a clear and strong dependence on Ne (see
also Figs. 2 and 4). This behavior was already investi-
gated by Champion and coworkers for the case of proton
impact on DNA nucleobases and water vapor [11].

4 Conclusions

Single differential and total cross sections for single elec-
tron ionization and single electron capture for water va-
por and DNA nucleobases by bare ions are presented.
A thorough comparison with existing experimental data
was made. A very good agreement with experiments was
found, showing the robustness and versatility of the theo-
retical model. A prediction of the TCS for single ionization
of DNA nucleobases by alpha particle impact is presented.
As no experimental data are available for these systems,
the DNA nucleobases results are compared with the vapor
water ones in order to investigate the dependence of TCS
on the molecular number of electrons. Total and single dif-
ferential cross sections presented here as well as the double
differential cross sections reported in [10] partially consti-
tute the input data for the MC code TILDA-V that is
being prepared to investigate micro- and nano-dosimetry
in biological matter [13].

The authors M.A.Q., J.M.M., P.D.M., O.A.F. and R.D.R.
acknowledge financial support from the Agencia Nacional
de Promoción Cient́ıfica y Tecnológica through the project
PICT 2011-2145 and from Consejo Nacional de Investigaciones

Fig. 5. Present prior CDW-EIS calculations of TCS for sin-
gle electron ionization of DNA nucleobases and water vapor
molecules by alpha particle impact as a function of the inci-
dent projectile energy. The results are divided by the number
of electrons (Ne) of each molecule.

Cient́ıficas y Técnicas through the project PIP 1026, both in-
stitutions from República Argentina.

Appendix A: Calculation of the molecular
initial bound state φi

The initial wavefunction φi of the active electron bound
to a particular molecular orbital MO is described employ-
ing a CNDO approximation originally developed by Pople
et al. [27] and Pople and Segal [28,29]. To simplify the com-
putation of the cross sections, we make use of the method
proposed by Senger et al. [30] and Senger and Rechen-
mann [31]. In this treatment the resulting cross sections
for any MO is then reduced to a weighted sum of atomic
cross sections corresponding to the atomic constituents of
the molecule.

For the particular case of water, whose electronic con-
figuration in the fundamental state is (1a1)2 (2a1)2 (1b2)2
(3a1)2 (1b1)2, cross section for the complete molecule can
be calculated as [10]:

σH2O = σ1a1 + σ2a1 + σ1b2 + σ3a1 + σ1b1 (A.1)

where:

σ1a1 = 2 × σO1s (A.2)
σ2a1 = 1.48 × σO2s + 0.52 × σH1s (A.3)
σ1b2 = 1.18 × σO2p + 0.82 × σH1s (A.4)

σ3a1 = 0.22 × σO2s + 1.44 × σO2p + 0.34 × σH1s (A.5)

σ1b1 = 2 × σO2p (A.6)
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The vapor water molecule initial bound orbitals energies
are given by: εi(1a1) = −19.842 a.u., εi(2a1) = −1.18 a.u.,
εi(1b2) = −0.67 a.u., εi(3a1) = −0.54 a.u., and εi(1b1) =
−0.46 a.u.

The atomic orbital populations presented in equa-
tions (A.2)–(A.6), which were calculated within the
CNDO approach, were taken from reference [32]. In
the calculation of the atomic cross sections that appear
in (A.2)–(A.6), the initial bound wavefunctions were de-
scribed by Roothaan-Hartree-Fock orbitals [33].

The same method is applied in the case of the DNA
nucleobases initial bound orbitals. We refer the interested
reader to a previous work by Galassi et al. [6], where all the
quantum numbers and coefficients needed for expressing
the target molecular wave functions are reported.
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