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H I G H L I G H T S

c Distorted wave models are used to investigate ion-molecule collisions.
c Differential and total cross-sections for capture and ionization are evaluated.
c The influence of dynamic screening is determined.
c Capture reaction dominates the mean energy deposited by the projectile on the target.
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a b s t r a c t

Distorted wave models are employed to investigate the electron loss process induced by bare ions on

biological targets. The two main reactions which contribute to this process, namely, the single electron

ionization as well as the single electron capture are here studied. In order to further assess the validity

of the theoretical descriptions used, the influence of particular mechanisms are studied, like dynamic

screening for the case of electron ionization and energy deposition on the target by the impacting

projectile for the electron capture one. Results are compared with existing experimental data.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Research on electronic reactions involved in collisions
between ions and molecules are of prime interest in different
areas, like radiobiology and medical physics for possible applica-
tions in radiotherapy with protons (protontherapy) and heavy
ions (hadrontherapy).

Two main processes contribute to the single electron loss from
atomic/molecular targets, namely, the electron capture and the
electron ionization which dominates at low and high impact
velocities, respectively. In recent works, both reactions were theo-
retically studied for biological targets by using different perturbative
approximations (Champion et al., 2010, 2012; Galassi et al., 2012). In
particular, water molecules as well as adenine, cytosine, guanine,
thymine, uracil and sugar–phosphate backbone molecules were
considered. The continuum distorted wave–eikonal initial state

(CDW-EIS) approach (Crothers and McCann, 1983; Fainstein et al.,
1988) was used for describing the single electron ionization at
intermediate and high impact energies. Previous calculations using
this model were employed with success to characterize this reaction
for collisions involving numerous atoms and molecules as collision
aggregates (Fainstein et al., 1991; Stolterfoht et al., 1997; Galassi
et al., 2000). More recently, electron loss from molecular targets due
to electron capture by the projectile was also investigated using the
CDW-EIS and the continuum distorted wave (CDW) approximations
(Galassi et al., 2010; Champion et al., 2012 and references therein).
In general, an adequate description of the existing experimental data
was obtained, even considering that they are very scarce for
biological targets, in particular for DNA nucleobases and uracil. In
this context, new theoretical predictions appear of prime impor-
tance in many fields like (micro)dosimetry.

In order to further investigate the adequacy of the mentioned
distorted wave models, the present work is focused on the
analysis of different physical effects which will help at the same
time for a better understanding of the reactions analyzed. In
particular, isolated water and adenine molecules are here con-
sidered, the last one being seen as a test case to predict some
general behaviors common to all DNA molecular compounds.

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/apradiso

Applied Radiation and Isotopes

0969-8043/$ - see front matter & 2013 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.apradiso.2012.12.016

n Corresponding author. Tel.: þ54 0341 4495467.

E-mail addresses: monti@ifir-conicet.gov.ar (J.M. Monti), tachino@ifir-

conicet.gov.ar (C.A. Tachino), jocelyn@univ-metz.fr (J. Hanssen),

ofojon@fceia.unr.edu.ar (O.A. Fojón), galassi@fceia.unr.edu.ar (M.E. Galassi),

champion@cenbg.in2p3.fr (C. Champion), rivarola@fceia.unr.edu.ar (R.D. Rivarola).

Applied Radiation and Isotopes 83 (2014) 105–108

www.elsevier.com/locate/apradiso
www.elsevier.com/locate/apradiso
http://dx.doi.org/10.1016/j.apradiso.2012.12.016
http://dx.doi.org/10.1016/j.apradiso.2012.12.016
http://dx.doi.org/10.1016/j.apradiso.2012.12.016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apradiso.2012.12.016&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apradiso.2012.12.016&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apradiso.2012.12.016&domain=pdf
mailto:monti@ifir-conicet.gov.ar
mailto:tachino@ifir-conicet.gov.ar
mailto:tachino@ifir-conicet.gov.ar
mailto:jocelyn@univ-metz.fr
mailto:ofojon@fceia.unr.edu.ar
mailto:galassi@fceia.unr.edu.ar
mailto:champion@cenbg.in2p3.fr
mailto:rivarola@fceia.unr.edu.ar
http://dx.doi.org/10.1016/j.apradiso.2012.12.016


Atomic units will be used in the following except where
otherwise stated.

2. Theory

Let us consider the single electron capture and the single
electron ionization processes induced by bare ion impact on an
atomic or molecular target. For these processes, it has been shown
that multi-electron collision systems may be reduced to the study
of a three body reaction composed by the projectile, the active
electron and the residual target (Rivarola and Salin, 1984;
Fainstein et al., 1988; Corchs et al., 1993; Galassi et al., 2004).
In such a representation it is assumed that the passive electrons
(the not promoted ones) remain in their orbitals during the
collision. This is valid at high enough impact velocities for which
the collision time is smaller than the one corresponding to the
relaxation of the passive electrons. For molecular targets it will
correspond additionally to collision times smaller than the vibra-
tional and rotational ones.

The reaction is described from a reference frame fixed on the
target nucleus and the straight line version of the impact para-
meter approximation is employed. We focus here our analysis on
the use of two distorted wave models, the continuum distorted
wave (CDW) and the continuum distorted wave-eikonal initial
state (CDW-EIS). The internuclear interaction is not included in
the following description because integration over all projectile
angular distributions is considered.

In the a-entry channel, the initial one-active electron distorted
wavefunction is chosen as

wþa ¼jað x
!
Þ expð�ieatÞLað s

!
Þ ð1Þ

where the super-index (þ) indicates that it preserves correct
outgoing boundary conditions, being the distortion factor

Lað s
!
Þ¼ exp½�in lnðvsþ v

!
� s
!
Þ� ð2Þ

in the CDW-EIS model, whereas

Lað s
!
Þ¼NðnÞ1F1ðin;1; ivsþ i v

!
� s
!
Þ ð3Þ

in the CDW one. In Eq. (1), jað x
!
Þ represents the non-perturbed

initial electron bound orbital and ea the corresponding orbital
energy, x

!
and s
!

are the electron position vectors as measured
from the target and projectile nuclei, respectively, ZP is the
projectile nuclear charge, v

!
is the impact velocity, and n¼ ZP=v.

The distorted functions included in the entrance channel depend-
ing of the s

!
coordinate, take into account the fact that the

electron bound to the target is simultaneously travelling in a
continuum state of the projectile field, being this one considered
in an eikonal approximation in CDW-EIS. This approximation in
CDW-EIS is proposed in order to avoid the non-normalization of
the initial distorted wavefunction, which provokes in the CDW
model the overestimation of the total cross-sections at inter-
mediate collision velocities. The function NðaÞ ¼ expðp a=2Þ
Gð1�i aÞ gives the normalization of the corresponding continuum
factor.

For both CDW-EIS and CDW models, the same final distorted
wavefunctions are chosen for electron capture and electron
ionization in the b-exit channel. Thus, for electron capture this
wavefunction is chosen as

w�b ¼jbð s
!
Þ expð�iebtþ i v

!
� x
!
�iv2t=2Þ

�Nn
ðBÞ1F1ð�iB;1;�ivx�i v

!
� x
!
Þ ð4Þ

where jbð s
!
Þ represents the final non-perturbed bound projectile

state and eb its corresponding orbital energy. Also, in Eq. (4),

1F1ð�iB;1;�ivx�i v
!
� x
!
Þ is a Coulomb continuum factor asso-

ciated with the electron–residual target interaction where

B¼ Zn

T=v, with Zn

T an effective target nuclear charge defined by
Zn

T ¼ ð�2 n2 eaÞ1=2 (Belkić, 1978), where the value of the principal
quantum number n is set to be equal to the principal quantum
number of each atomic orbital used to describe the molecular
orbitals (see hereafter). In such a way the interaction between the
active electron and the residual target is described by an effective
Coulomb potential VTffi�Zn

T=x. The final distorted wavefunction
presents also a two-center character associated with the fact that
the electron evolves in the combined field of the projectile and
residual target. Now, the super-index (�) indicates that correct
ingoing conditions are satisfied.

To describe the electron ionization process, the final distorted
wavefunction is taken as

w�b ¼ ð2pÞ
�3=2 expð�iebtþ i k

!
� x
!
�ik2t=2Þ

�Nn
ðxÞ1F1ð�ix;1;�ikx�i k

!
� x
!
Þ

�Nn
ðzÞ1F1ð�iz;1;�ips�i p

!
� s
!
Þ ð5Þ

where k
!

and p
!
¼ k
!
� v
!

are the linear momenta of the electron
with respect to the target and projectile nucleus respectively,
x¼ Zn

T=k and z¼ ZP=p. The first part of Eq. (5), depending on the
coordinate x

!
, is a wavefunction describing the electron in a

continuum state of the residual target whereas the continuum
factor depending on the coordinate s

!
corresponds to the

electron–projectile interaction. Thus, the final distorted wave-
function describes the electron travelling in a continuum state of
both the projectile and residual target fields, and their actions on
the emitted electron are considered on equal footing. Once more,
but now for ionization, the super-index (�) indicates that correct
ingoing conditions are satisfied.

The post- and prior-versions of the transition amplitude for
both reactions above mentioned can be written as

Aþa,b ¼�i

Z þ1
�1

dt w�b Hel�i
@

@t

� �y�����
�����wþa

* +
ð6Þ

and

A�a,b ¼�i

Z þ1
�1

dt w�b Hel�i
@

@t

� �����
����wþa

� �
ð7Þ

respectively, with Hel the electronic Hamiltonian.
Cross-sections for single ionization of water and single electron

capture from adenine by impact of bare ions, are reported in the
following section. In order to represent the corresponding initial
orbitals a complete neglect of differential overlap (CNDO) approx-
imation is employed. The molecular orbitals are assumed to be
described by linear combinations of their atomic compound orbitals
(LCAOs). The corresponding binding energies are obtained within a
Hartree–Fock formalism. For more details, we refer the reader to
our previous works (Olivera et al., 1996; Galassi et al., 2012).

Employing the CNDO approximation, doubly differential cross-
sections (DDCSs) for ionization as a function of the energy Ek and
solid angle Ok subtended by the ejected electron and total cross-
sections (TCSs) for electron capture are expressed as

d2s
dEk dOk

¼
XN

j ¼ 1

d2sj

dEk dOk

¼
XN

j ¼ 1

XNj

i ¼ 1

xi,j
d2sat,i

dEk dOk
ð8Þ

and

s¼
XN

j ¼ 1

sj ¼
XN

j ¼ 1

XNj

i ¼ 1

xi,jsat,i ð9Þ

respectively. In Eqs. (8) and (9), N is the number of molecular
orbitals, Nj is the total number of atomic components of the j-
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