
International Journal of Radiation Biology, January–February 2012; 88(1–2): 62–65
© 2012 Informa UK, Ltd.
ISSN 0955-3002 print / ISSN 1362-3095 online
DOI: 10.3109/09553002.2011.626841

Theoretical ionization and capture cross sections for DNA nucleobases 
impacted by light ions

Christophe Champion1, Mariel E. Galassi2, Hacène Lekadir1, Sébastien Incerti3, Omar A. Fojón2,  
Roberto D. Rivarola2 & Jocelyn Hanssen1

1Laboratoire de Physique Moléculaire et des Collisions, Université Paul Verlaine-Metz, Technopôle 2000, Metz, France, 2Instituto 
de Física Rosario, CONICET and Universidad Nacional de Rosario, Rosario, Argentina, and 3Université Bordeaux 1, CNRS/IN2P3, 
Centre d’Etudes Nucléaires de Bordeaux Gradignan, CENBG, Gradignan, France

Correspondence: Dr Christophe Champion, Laboratoire de Physique Moléculaire et des Collisions, Université Paul Verlaine-Metz, 1 Boulevard Arago, 
Technopôle 2000, 57078 Metz, France. Tel:  33 3 8754 7253. E-mail: champion@univ-metz.fr

(Received 18 December 2010; revised 9 September 2011; accepted 19 September 2011)

Introduction

DNA lesions and more particularly those involved in clus-
tered damages are nowadays considered of prime impor-
tance for describing the post-irradiation cellular survival. 
Indeed, these complex radio-damages may induce critical 
DNA lesions like double-strand breaks whose relevance has 
been clearly identified in the radio-induced cellular death 

process (Nikjoo and Lindborg 2010). Under these conditions, 
it clearly appears that further theoretical models as well as 
experimental measurements on ion-induced collisions at 
the DNA level are crucial. However, to the best of our knowl-
edge only few works exist. Let us cite for example the works 
of Moretto-Capelle and co-workers who have studied the 
ionization and fragmentation of isolated DNA/RNA bases 
and uridine nucleoside induced by protons (see for example 
Le Padellec et al. 2008). Additionally, Alvarado et al. (2007) 
have reported measurements on collisions of keV-H+ , He2   
and C+  ions with DNA building blocks. Schalthölter and co-
workers have also studied the fragmentation modes induced 
by heavy ions like Xeq   (q  5–25) and Cq   ions (q  1–6) 
(see for example de Vries et al. 2003 and references therein) 
on isolated nucleobases and more recently on nucleobase 
clusters (Schalthölter et al. 2006). Finally, let us mention the 
works of Brédy and co-workers on adenine fragmentation 
induced by F2   and Ar8   ions (see Brédy et al. 2007 and  
references therein).

On the theoretical side, ion-induced collisions on DNA 
bases have been rarely investigated and we essentially find 
two approaches in the literature: a first (semi)-classical 
one generally based on a classical-trajectory Monte Carlo 
(CTMC) description (see for example the study of Bacchus-
Montabonel et al. 2005) and a second one developed in the 
quantum-mechanical framework and essentially limited to 
the use of the first Born approximation (see for example the 
recent work of Dal Cappello et al. 2008 where ionization of 
cytosine molecules induced by protons was investigated). 
Finally, it is worthwhile to note that in both approaches, the 
DNA entities are considered as isolated molecules contrary 
to the recent studies of Abril et al. (2010, 2011) where inelas-
tic interactions as well as electronic energy loss induced by 
protons in dry DNA were described within the dielectric 
formalism.
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Abstract
Purpose: Although DNA lesions are considered of prime 
importance for describing the post-irradiation cellular survival, 
they still remain rarely studied on both experimental and 
theoretical sides. Under these conditions, we here propose 
different theoretical models for predicting the single ionization 
and single capture total cross sections for DNA bases impacted 
by protons.
Material and methods: Three theoretical approaches are 
developed: a first classical one based on a classical trajectory 
Monte Carlo (CTMC) model and two quantum mechanical ones, 
namely, a Coulomb Born (CB1) and a continuum-distorted wave 
eikonal-initial-state (CDW-EIS) model.
Results: Ionization and capture processes induced by protons on 
DNA bases (adenine, cytosine, thymine and guanine) are here 
studied in terms of total cross sections.
Conclusions: A very good agreement is obtained between 
the different models at high enough impact velocities but 
discrepancies are observed between them at low impact energies 
(Ei  100 keV). Furthermore, it is shown that the theoretical cross 
sections underestimate the rare existing experimental data 
in particular for adenine and thymine whereas a reasonable 
agreement is found for cytosine.
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We simultaneously here report total cross section calcula-
tions provided by both a classical model combining a classi-
cal trajectory Monte Carlo (CTMC) approach with a classical 
over-barrier (COB) criterion (Abbas et al. 2008, Lekadir et al. 
2009) and two quantum mechanical approaches, namely, 
a first developed within the first-order Born approxima-
tion (CB1) (Champion et al. 2010), and a second computed 
within the continuum distorted wave-eikonal initial state 
(CDW-EIS) model (Fainstein et al. 1988).

Theoretical models

First of all, let us note that the description of the impacted 
nucleobases is – in the CTMC approach (Abbas et al. 2008, 
Lekadir et al. 2009) – reduced to the knowledge of the bind-
ing energies of the different molecular subshells of the bio-
logical targets (ranging from 24–28 according to the DNA 
base investigated), whereas a linear combination of atomic 
orbitals (LCAO) is used in the two quantum approaches, 
namely, that reported by Bernhardt and Paretzke (2003) 
based on the restricted Harthree-Fock method with geom-
etry optimization (RHF/3-21G) in which the DNA bases are 
described by means of their five highest occupied molecular 
orbitals.

The classical approach
In our home-made CTMC model, all the particles are clas-
sically described via Newtonian laws and the occurrence of 
ionizing processes (single as well as multiple) are seen as 
dependent on both classical over-barrier (COB) and time 
matching criteria (see Abbas et al. 2008 and Lekadir et al. 
2009 for more details). Within the impact parameter approxi-
mation, the initial conditions of the numerical simulations 
are the projectile velocity v the impact parameter b and the 
molecular binding energies of the subshells involved in the 
collision. The calculation starts and stops at sufficiently large 
time t (or inter-nuclear distance, namely, R  100 a.u.). At 
the end of the collision, we finally determine the type k of the 
ionizing process induced and then provide total cross sec-
tions (TCS) defined as:
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the numerator Nk(b) and the denominator N(b) refer to the 
k-type process number scored and to the total number of tra-
jectories simulated at the impact parameter b, respectively.

The quantum mechanical models
Total cross sections are calculated using the CDW-EIS and 
CB1 models for single electron ionization and the CDW-EIS 
model for single electron capture. They are obtained by using 
the expression:
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

j
j

N
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å ,

	

(3)

where N is the number of molecular orbitals used in the 
description of the target. sj refers to the total cross section 
for the jth-orbital of the molecular target, this latter being 
obtained as a weighted sum of atomic total cross sections 
corresponding to the different atomic components involved 
in the target description, namely,

	
s x sj i i at ig ,

i
å ,

	
(4)

where gi and xi denote the weight factor and the effective 
number of electrons of the ith-atomic orbital, respectively. 
According to the target description given by Bernhardt and 
Paretzke (2003), the five highest occupied orbitals (N  5) 
are here only considered (see Champion et al. 2010 for more 
details).

Results and discussions

Present CDW-EIS, CB1 and CTMC-COB theoretical ioniza-
tion TCS are shown in Figure 1 for proton beams colliding 
with the four DNA bases.

The overall behavior obtained is similar for the four 
cases considered and we clearly observe that the two sets of 
quantum mechanical results are both in close agreement for 
impact energies larger than 70 keV and in accordance with 
the CTMC-COB predictions provided that the impact ener-
gies are greater than 200 keV.

However, at low impact energies CDW-EIS results pres-
ent a different behavior than CB1 predictions. This must be 
attributed to the fact that more complete two-center initial 
and final wave functions (which include the action of the 
combined fields of the projectile and target on the active 
electron) are considered in CDW-EIS. Also, we should men-
tion that the validity of classical calculations is doubtful at 
low impact velocities.

Furthermore, the only one existing experimental data 
taken from Tabet et al. (2010) is also reported for compari-
son. Theoretical predictions are in reasonable agreement 
with experiments for cytosine whereas underestimation of 
measurements is pointed out for adenine and thymine. We 
should note that only one experimental value for each one of 
the DNA bases was measured.

For single electron capture, CDW-EIS and CTMC-COB 
give similar total cross sections at high enough projectile 
velocities (see Figure 2). As for single ionization, the best 
agreement between the theoretical predictions and the 
experimental measurements is found for cytosine while 
huge underestimations are reported for adenine and thy-
mine. Formation of hydrogen in final states with principal 
quantum numbers n  1 and n  2 was considered in the 
CDW-EIS calculations. Moreover, we have verified that cap-
ture to higher bound states gives a negligible contribution to 
total cross sections.
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Conclusions

Total cross sections for single ionization and single elec-
tron capture of DNA bases by proton impact have been 
theoretically determined by using classical and quantum 
mechanical descriptions, showing that all calculations agree 
at high enough projectile velocities.

A systematic underestimation of experiments is found when 
comparing with the rare existing measurements at 80 keV in 
particular for adenine and thymine where the disagreement 
is of about one order of magnitude while for cytosine it is of 
about 4. A possible way to improve the theoretical description 
of the scarce existing experimental data could reside in the 
inclusion of a larger basis of target orbitals within the quantum 
mechanical calculations. An investigation on this line is a mat-
ter of our present interest. However, new and more extended 
measurements appear as necessary for further conclusions.
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Figure 1.   CDW-EIS, CB1 and CTMC-COB TCS (dashed, solid and dotted line, respectively) for single ionization of DNA bases impacted by protons. 
Experimental data taken from Tabet et al. (2010) are also reported for comparison (circles).
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Figure 2. CDW-EIS and CTMC-COB TCS (dashed and dotted line, respectively) for single electron capture on DNA bases impacted by protons. 
Experimental data taken from Tabet et al. (2010) are also reported for comparison (circles).
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