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Abstract

In radiobiology, predicting the evolution of irradiated biological samples still is

nowadays an active field of research to identify DNA lesions or to adapt the

radiotherapeutic protocols in radiation oncology. In this context, the numerical

methods, based on Monte Carlo track-structure simulations, represent the most

suitable and powerful tools for understanding the radiobiological damage in-

duced by ionizing particles. However, most existing Monte Carlo track-structure

codes require a large set of input data (cross sections) aiming at describing at

the atomic scale the various particle-induced interactions in the medium of inter-

est (water in liquid/vapor phase and DNA). In the present work, we report the

theoretical differential and total cross sections, computed within a quantum me-

chanical continuum distorted wave-eikonal initial state (CDW-EIS) approach,

for ion impact in water vapor and on DNA. These cross sections have been used

to build up the input database for the homemade Monte Carlo track-structure

TILDA-V. A comparison between the theoretical prediction and the available

experimental data is presented. Micro-dosimetry results obtained with TILDA-

V are also reported.
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1. Introduction

Phenomena associated with radiation action in matter include a wide variety

of physical, chemical and biological processes. It is nowadays well accepted that

the nature of these interactions depends both on the type of radiation and on

5 the impact energy. Besides, it is clearly known that the radiation process has a

stochastic nature. Consequently, the numerical models, based on Monte Carlo

(MC) approach, represent the most powerful tools that allow us to better under-

stand the radiobiological damage induced by ionizing particles [Ell]. The MC ap-

proaches are used in various fields such as nuclear physics, astrophysics, plasma

10 physics, solid state physics, accelerator driven system, radio-protection, radio-

biology and medicine (radiotherapy and nuclear imaging). The MC methods

developed for general purpose applications, known as condensed-history codes,

are based on the macroscopic description of the particle transport. Among the

most important ones, let us cite Geant4 [2], PHITS [3], FLUKA [®], MCNPX
15 [5], EGS [fi], which are used in high-energy physics, detector simulation, space

radiation and medicine (see the review given by Nikjoo et al. pp . However, in
the ambit of micro-dosimetry, these general-purpose MC codes are generally not

able to predict the radio-induced energy deposits at the nano-metric level and

are therefore generally supplanted by MC track-structure (MCTS) approaches

20 where the full particle histories are described interaction after interaction. It is

noteworthy that the development of such event-by-event MCTS codes has been

rather slower than the condensed-history codes, since requiring the building-up

of a large set of input data (cross sections) aiming at describing at the atomic

scale the various particle-induced interactions in the medium of interest (wa-

25 ter in liquid/vapor phase and DNA). Besides, let us add that some existing

codes also extend their scope to the simulation of the DNA damage induction

by modeling the ensuing chemical stage (see for example [8, g, [IA) and by con-

sidering specific DNA structure models [ , [II), 12, 113]. Generally speaking,

all the MCTS codes devoted to the modeling of charged particle tracks in bi-

30 ological matter (ions, electrons and positrons) include input databases taken

LI 1
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from different standards (see for example PA, 1131, EN) and are mainly based

on experimental data as well as semi-empirical approaches commonly used for

dealing with the lack of available experiments. Drawing up an exhaustive list of

models implemented into the MCTS codes documented in the literature would

35 be a daunting task in view of the variety of existing approaches and we refer

the interested reader to the dedicated references listed in table 1. Neverthe-

less, from a general standpoint, it is worth noting that the predictive power of

such models remains either restricted to the domain of validity of theoretical

approximations used or limited by the availability of the experimental data.

40 Regarding the latter, we essentially find in the literature total cross sections,

the multiple differential cross sections - needed to describe the angular and the

energetic distributions of the secondary emitted electrons - being indeed rarely

investigated due to the complexity of simultaneous energetic and angular detec-

tion. Therefore, semi-empirical laws are in general preferred in the numerical

45 simulation of the transport process. However, the scarce measured data may

occasionally produce arguable results that largely rely on extrapolations. Con-

sidering first the proton-induced ionization in water, the literature dedicated

to MCTS codes focuses on two main models. The first one, denoted Rudd's

model [T7] was initially developed for protons impacting atomic and molecular

50 targets. It provides an analytic equation for the energy distribution of elec-

trons by means of a large set of fitting parameters deduced from experimental

comparisons. It is based on a simple version of the binary-encounter approxima-

tion equation modified to yield the correct high-energy asymptotic dependence

in agreement with the Bethe equation prediction and further modified by the

55 use of the promotion model at low energies. In brief, the approximation made

consists in treating the collision - between a projectile and a single target elec-

tron - as a classical one. The nucleus and the remaining target electrons play

no other role that to provide a binding energy for the ejected electron. The

justification for using a classical model lies in the fact that doubly differential

60 cross sections for Coulomb scattering between two particles are the same when

calculated using either classical physics or quantum mechanics. The second
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semi-empirical and well-documented model - called HKS model since developed

by Hansen, Kocbach and Stolterfoht [IS] - consists in describing the ionization

process within the impact parameter lst Born approximation. In this approach,

65 the initial and the final electron states are described by means of a hydrogenic

function and a plane wave, respectively, i.e. without taking into account the

electron momentum in its bound state. However, due to singularities observed

when the ejected electron energy tends to zero, further empirical fittings were

employed to finally provide the well-known HKS model PAL When the proton

70 energy becomes sufficiently low (< 100 keV/u), the ionization probability di-

minishes rapidly and the capture process becomes the predominant energy-loss

pathway. However, to date, only rare experimental measurements have been

reported for water. To overcome this lack, many semi-empirical simulations

have been proposed for modeling the electron capture process. Let us cite the

75 approach proposed by Rudd et al. [a], which consists in expressing the charge

transfer cross section a as a = a+ — a_ by means of adjustable parameters

for fitting the measured cross sections of positive (ion) and negative (electron)

charge production ( a+ and o-_, respectively). The resulting cross sections agree

well with the experimental data for proton energies of 1-100 keV but exhibit

80 large discrepancies with the experimental measurements of Refs. [21, 22, 24.

More recently, Dingfelder et al. [®] suggested to express the charge transfer

cross sections by analytical formula (straight lines for low and high proton en-

ergies on a doubly logarithmic scale, both connected by a power law) where the

parameters were chosen by considering available experimental data.

85 Recently, other classical approximations based on the Classical Trajectory

Monte Carlo (CTCM) have been used to investigate the interaction between

incident ions and biomolecules. In this context, we find the works of Abbas et

al. [Z5]] and Lekadir et al. gi5, z4, who have investigated the ionizing processes

of ionization and single electron capture by using the CTCM - COB (Classi-

90 cal Over Barrier) potential for impacted of ions, namely, H+, He2+ and C6+,

on water molecule and DNA nucleobases. The aforementioned ionizing pro-

cesses have also been studied by Tran et al. [®] within a three-body CTCM,
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where a set of total and differential cross sections have been computed. They

found global agreement between theoretical and experimental results for C6+

95 impact on water molecule. In the same context, Illescas et al. [®] applied an
independent-electron method combined with a classical trajectory MC approach

to investigate the ionizing processes by impact of ions with water molecule in

intermediate and high impact energy range. In particular, they focused on es-

timating cross sections for molecular fragmentation of water due to electron re-

100 moval. Using the same argument, Nikjoo's group proposed a three-body CTMC

method for calculating the probabilities of one-electron transitions [m] . They
investigated the single and multiple electrons processes for carbon ions in the

energy range of 1 - 104 keV/u impacting on molecular water. Using this method,

they calculated a full set of total and differential cross sections to simulate the

105 slowing-down of carbon ions (C°-C6+) with the KURBUC_carbon MTCS code

[131]. Within a quantum-mechanical framework, Ludde et al. [32] proposed

a nonperturbative approach based on the basis-set-generator method (BGM).

This method was applied to investigate ion collisions with water molecules, in

particular ionization and electron capture by protons [132], multiple-electron re-

110 moval by protons [®, 3A and He+ [®], respectively, and by Li3+ ions [Eq. The
total cross sections predicted with BGM were in agreement with the experi-

mental data. Also, the fragmentation channels resulting from multi-electrons

removal were studied both theoretical and experimental.

In the context of perturbative quantum-mechanical method, a series of the-

115 oretical models to estimate the ionization as well as the electron capture cross

sections for protons colliding with water molecules have been proposed [EU, M].

These models are based on either the 1st Born approximation with correct

boundary conditions (CB1 model) or the continuum distorted wave-eikonal ini-

tial state approach (CDW-EIS model), the latter will be detailed in the follow-

120 ing section. The CB1 model describes the active (ejected) electron as being in

bound and continuum states of the target field in the entry and exit channel,

respectively, while in the CDW-EIS approximation, a more complete represen-

tation of the active electron is introduced, considering that it evolves in the
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simultaneous presence of the projectile and target fields in the entry and exit

125 channels at all collision times, for single ionization as well as for single electron

capture. Besides, these quantum-mechanical approach where recently used for

describing the main ionizing processes induced by protons impacting on DNA

nucleobasis (see [39, 41), IL] for ionization and electron capture, respectively).

Recently, Quinto et al. used the CDW-EIS approximation to study the ion-

130 ization and electron capture process induced by ions on molecular of biological

interest 02, MTh They computed a full set of total and differential cross sections

to describe the slowing-down of protons in water and DNA biological medium

with the TILDA-V MTCS code 1B!

Other codes use CDW-EIS cross section databases, in particular for model-

135 ing the proton-induced ionization and capture processes: let us cite the work

of Wiklund et al. [®] where light-ion beam secondary electron dose profiles
in water were computed within the CDW-EIS framework and the recent LI-

onTrack code reported by Bäckström sal where the CDW-EIS formalism is
used to generate the initial energy and angle of secondary electrons emitted in

140 ionizing collisions of light ions with H20 molecules. Besides, it is worth noting

that all these models were developed for modeling the proton transport in water

considered in its vapor phase. Lately, many groups have investigated the trans-

port of charged particles in liquid water and provided a theoretical approach

of the proton-induced ionization processes (see for example FIT, 2g, IFV ). In

145 almost all cases, the cross sections are calculated within the plane wave Born

approximation by taking into account a phenomenological dielectric-response

function model deduced from reflectance measurements for modeling the liquid

environment (see for example the recent work of PA) and the review provided

by Emfietzoglou et al. [1511] .

150 Modeling the full slowing-down of protons down to their neutralization in

matter, namely, the Bragg peak region implies an accurate knowledge of all the

inelastic interactions induced by the incident particle itself as well as its deriva-

tives. Thus, in addition to the two above-discussed proton-induced ionization

and electron capture, a MCTS code needs to describe the neutral-hydrogen-
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155 induced ionization and electron-loss (stripping) processes. Unfortunately, these

processes have been rarely investigated both theoretically and experimentally.

Thus, to overcome the lack of available experimental measurements and theo-

retical support, semi-empirical approaches - mainly based on simple scaling and

fitting rules - were preferred (see for example [2A, l52]). Similarly, the excita-

160 tion process induced by both protons and neutral-hydrogen atoms is commonly

modeled by means of semi-empirical formulae [®, lKi.
In this context, the present work will be focus on the theoretical prediction

of cross sections for ionizing processes induced by ions on water molecule and

DNA nucleobases. The theoretical cross sections will be compared with avail-

165 able experimental data. We will present some MTCS results obtained with the

track-structure code TILDA-V IE! . TILDA- V (a French acronym for Trans-

port d'Ions Lourds Dans l'Aqua & Vivo) is a code for modeling heavy ion and

secondary electron histories in vapor water for impact energies ranging from

10 keV/u to 100 MeV/u. This current version is based on a complete set of

170 quantum-mechanically calculated multiple differential and total cross sections

to describe all the inelastic processes occurring throughout the slowing-down

of protons in water and DNA components (adenine (A), thymine (T), cytosine

(C), guanine (G) and sugar phosphate (SP) backbone).

2. Theory

Let us consider an incident ion of charge Zp impacting on a neutral target,

ZT, with a velocity v. If the impact velocities considered are high enough,

we can admit that the times associated with the vibration and rotation of the

target are much larger than the characteristic times of the collision. Besides,

it is also possible to assume that the target nuclei remain fixed in their initial

positions during the reaction. With respect to the multi-electronic problem, it

is reduced to the analysis of a one-active electron 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 independently of them
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Table 1: Monte Carlo track-structure codes for radiation research at cellular level

Code Incident Beam Energy range Medium References

DELTA
protons, a particles 0.3 MeV/u - 4 MeV/u

water (liq, vap) [51]
electrons 10 eV - 10 keV

KURBUC

protons 1 keV - 300 MeV water (liq) [®, 5-9]
a particles 1 keV/u - 2 MeV/u water (liq) [®]
carbon ions 1 keV/u - 10 MeV/u water (liq) [31]

LlonTrack ions 1 MeV/u - 300 MeV/u water (liq) [P.[7]

GEANT4-DNA
ions 1 keV/u - 400 MeV/u water (liq) PI

electrons 7.4 eV - 1 MeV

Kramer & Kraft ions 20 keV/u - 100 MeV/u water (liq) [®]

MC4
ions > 0.3 MeV/u

water (liq, vap) [®]
electrons > 10 eV

MOCA14 proton, a particles 0.3 MeV/u - 4 MeV/u water (vap) RA

NOTRE DAME
ions > 0.3 MeV/u

water (liq, vap) [n]
electrons > 10 eV

OREC
ions 0.3 MeV/u - 4 MeV/u

water (liq) [(12]
electrons 10 eV - 1 MeV

PARTRAC
ions 0.3 MeV/u - 1 GeV/u

water (liq,vap) Pld
electrons 8.2 eV - 10 MeV

Penelope
ions 10 keV/u - 10 GeV/u

various [®]
electrons, positron 100 eV - 10 GeV

PITS
ions 0.3 MeV/u - GeV/u

biological
electrons > 10 eV

[1E]

SHERBROOKE
ions > 0.3 MeV/u

water (liq,vap) RA
electrons > 10 eV

TILDA ions 10 keV/u - 100 MeV/u water (liq,vap) [®]

TILDA-V
protons 10 keV - 100 MeV water (liq,vap)

DNA-nucleobases
[MI]

electrons 7.4 eV - 300 keV
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Figure 1: Coordinate system in the impact parameter approximation

in an effective mean field of the residual target. This approximation was first

formulated with success to study electron capture [fa] and ionization [NV] (see

also Refs. [ffl, M3] for the case of atomic targets). It was then extended to

molecular targets for both reactions, electron capture [711] and ionization [72].

Therefore, within the independent electron model and considering that there is

just one active electron, the multi-electronic Hamiltonian of the collision system

can be described as

Hei = — —
2 
V2 +VT(X) Vp(s) +17.,(R) (1)

175 where x (s) is the active electron coordinate in the target (projectile) reference

frame, VT (X) is an effective one-electron target potential, Vp (s) is the interaction

between the projectile and the active electron, and 17,(R) is the interaction of

the projectile with the target nuclei and the passive electrons (see fig. 1). This

last potential depends only on the internuclear coordinate R and thus, within

180 the straight-line version of the impact-parameter approximation gives rise to a

phase factor which only affects the projectile scattering [M]. Consequently, we
will drop this term, as we are not interested in the angular projectile distribution.

We opt for solving the collisional problem within the CDW-EIS approxi-

mation that was introduced by Crothers and McCann to investigate the single
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185 ionization of H by bare ion impact [73]. The CDW-EIS approximation was pro-

posed to improve the large overestimation of the total cross sections, at inter-

mediate impact energies obtained with the Continuum Distorted Wave (CDW)

model [n], which stems from the lack of normalization of at least one of the dis-

torted wave functions in the initial and final channels [75]. This approximation

190 solves the aforementioned problem, both for single ionization and single electron

capture and exhibits, in general, a very good agreement with existing experi-

mental data for differential and total cross sections. The scattering amplitude

as a function of the impact parameter in the prior-version within CDW-EIS

approximation can be written as:

+
(p) = 

-00

00 
dt (xi [(Ha — Z Ot ) Xt)] 

(2)

195 where x-iF and xi are the initial and final distorted wavefunctions, respectively.

The distorted wavefunction x:iF does not contribute to the transition amplitude

as t +oo. By employing the Fourier transform, At—f can be expressed as a

function of the transverse momentum transfer n:

200

2f(n) = f dp exp(ip.n)AZf (p) (3)

2.1. Bare ion ionization

In the CDW-EIS approximation, the initial and final distorted wave func-

tions for the ionization process can be written as

In equations (4) and (5

xt(x, s, t) = 1.,;(x,t) Gi (s)

Xf (x,s,t) = f(x,t)Li(s)

(4)

(5)

), the terms (I), (x,t) = Oi(x) exp (—tett) and .13 f(x,t) =

f (x) exp ( —iE ft) are the initial and final wave functions, respectively, solutions

of the time-dependent Schrödinger equation. Ea is the electron energy of a

205 target orbital and e f is the electron energy in the final state. The terms ,CiF (s)

and Gi (s) represent the initial and final distortion functions, respectively. The

initial bound wave function of the active electron, 0,(x), is approximated by
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a Roothaan-Hartree-Fock wavefuncion (for more details see Appendix of Ref.

[71i]). Whereas, in the final channel the active electron wavefunction is given by

(x) = 
(2 

1

3/2 

exp (i k • x) N* (A) 1F1 [—i 1, —i (kx + k • x)] (6)
) 

210 with E f = k2 /2 is the final electron energy,k being the ejected electron momen-

tum in the target reference frame. The term N(a) = exp(rra/ 2)F (1 — ia) (with I'

being the Euler's Gamma function) is the normalization factor of the 1F1 hyper-

geometric function, and A = 4-1k with 2T an effective charge. This charge is

chosen in correspondence with the energy of the target orbital as ZT = V-2n2E,,

215 with n being the principal quantum number of the target orbital [771].

In the CDW-EIS approximation, the initial distortion is defined as follows

Gi (s) = exp [—iv ln(vs + v • s)] (7)

whereas, the final distortion is written as

Li (s) = N*(01F1[—K; 1; —i (ps p • s)] (8)

where v is the projectile velocity, v = Zplv, = Zplp and p = k — v is the

ejected electron momentum in the projectile reference frame.

Finally, the double differencial cross section for ionization, by bare projec-

tiles, is obtained as,

 = k f (77)12E kua ck ( 9 )

220 2.2. Dressed ion ionization

Recently Monti and co-worker [V3] have extended the CDW-EIS and CDW

approximations to the case of dressed projectiles. The authors have considered

the effect of the projectile passive electrons at the same level as the target

passive electrons. Thus, they have assumed that the projectile electrons screen

the projectile nuclear charge and that the interaction between the screened

projectile and the active electron can been described by a model potential. The

latter, Vp(s), has been described by an analytic independent-particle model

1 1



potential given by Green et al. [N, which is usually called the Green-Sellin-

Zachor (GSZ) potential. This potential can be written as a long-range term

plus a short-range term due to the asymptotic screened projectile charge q:

Va(s) =

V,(s) = —1s(Z p — q)[H (exp(. 91d) — 1) + 1]-1

Vp(s) = Va(s) + Vs(s)

with H and d being adjustable parameters [M, Far]. The first term, Va(s), cor-

responds to the asymptotic Coulomb potential due to the projectile asymptotic

charge q and the second one, Vs (s), gives a short-range potential due to the elec-

trons in the dressed projectile. The main use of these potentials is that values

225 of the parameters H and d exist for many ions in different charge states. The

variation of these parameters is relatively smooth and they can be obtained for

many more dressed ions by interpolating or extrapolating the available ones.

For dressed ions, the initial and final states are the same as those defined

by Eqs. (4) and (5) previously described in case of ionization by bare projec-

tile. Therefore, when the additional short-range potential is introduced in the

scattering amplitude given by Eq. (2), it gives place to a new term:

+00

Ails) (P) dt (x f Vs (S) I x-iF)_00
Thus, the final scattering amplitude is now expressed as the contribution of two

terms: the first one representing the asymptotic Coulomb contribution and the

second one describing the short-range correction [7:8].

AZf (P) = Ala)(P) + Als)(P)

(10)

Finally, the double differential cross section for ionization, by dressed pro-

jectiles, is obtained through Eq. (9) where the Tc.t. (n) is given by

f i7?- (n) = R-
7 
f
(a)
(n) + if

(s)
(n)i 

12

(12)



2.3. Bare ion electron capture

The CDW-EIS approximation was introduced to investigate the electron

230 capture by Martinez and co-workers [E11]. This approximation was extensively

used to predict the electron capture process for various systems. In the work of

Ref. [72], the CDW-EIS approximation was used to predict TCS of biological

molecules by proton impact. Also, Champion et al. reported electron capture

cross section of DNA nucleobases impacted by proton beams [111]. Recently,

235 Quinto et al. used this method to investigate the electron capture process for

molecules of biological interest impacted by high charged ions [®]. In these
works, a good agreement of the CDW-EIS results with the experimental data

was found at medium and high impact energies.

For electron capture, the initial distortion wave function, x-iF(x, s, t), remains

unchanged with respect to the case of ionization (see equation (®)). On the other
hand, the final distortion wave function is considered as:

(x, s,t) = f (s,t) G (x) (13)

where (13.f (s,t) = f (s) exp(—iE ft + iv • æ — i4t) is the final projectile state and

240 Ef is the corresponding electron energy. Of (s) is the corresponding hydrogenic

function with charge Zp describing the final bound state.

The final distortion is chosen as:

(x) = N* 1F1 [—K; 1; —i (vx v • x)] (14)

with = 2T/v, whereas the active electron final state, Of (s), is ahydrogenic

projectile bound state with charge Zp and energy Ef = —4/(2n2p), with np

being its principal quantum number. The total cross section for electron capture

is given by,

(7 if = f (71)12

3. Charged particle transport

(15)

Monte Carlo charged particle transport simulation comprises series of sam-

pling steps, which first determine the distance A between two successive inter-

13



actions. The latter is selected by assuming that the charged particle transport

in matter is governed by a Poisson law p(À), whose corresponding probability

P(A) is defined by:

A
P(A) = f dup(u) =1— exp (TA) (16)

o

This probability is usually sampled by means of pseudorandom variables defined

in the interval [0; 1], namely, r r(c); 1), that finally leads to a distance A given
by

In equation (16

A = —ln(1 — r) = —A ln(r) with F' —= r(0; 1) (17)

), -5k refers to the mean free path defined as -A = 11(no-T),

245 where n denotes the number of target molecules per volume unit defined as

n = NA x plAmol , where NA is Avogadro's number, p and Amoi are the density

(in g.cm-3 ) and the molar mass of the crossed medium, respectively, and az-

is the total cross section including all the interactions considered for modelling

the transport of the particle of interest. In its current version, TILDA-V takes

250 into account the following collisional processes: - for protons: elastic scatter-

ing, ionization, capture and excitation; - for neutral-hydrogen atoms: elastic

scattering, ionization, electron loss (stripping) and excitation; - for secondary

electrons elastic scattering, ionization and excitation. The kinematics of the

interaction is determined by the multiple differential cross sections of the corre-

255 sponding process. For example, if the selected process is ionization or stripping,

singly and doubly differential cross sections are successively used to determine

both the kinetic energy and the emission angle of secondary electron. Then,

the incident particle energy is reduced by the total energy (kinetic + potential)

transferred during the collision. Besides, the charge exchange of the proton

260 particle is taken into account. Thus, when an electron capture occurs the pro-

ton charge decreases, as results a neutral hydrogen primary particle is recovered.

Whereas, when an electron loss process (stripping) occurs, the neutral hydrogen

charge increases, leading to the creation of a primary proton particle. All the

secondary electrons emitted during the various ionizing processes (ionization,

265 electron loss), induced by H+ and/or H° impact, are followed step-by-step with

14



the MCTS code EPOTRAN (an acronym for Electron and Positron Transport

in liquid and vapor water) [K]. All these steps are repeated for all primary and

secondary particles until their kinetic energy falls below a predetermined cut-

off value. For the primary particles, namely, proton and hydrogen, the cut-off

270 energy is fixed at 10 keV, while for the secondary electrons the latter is fixed

at 7.4 eV. When an ionization or capture process occurs on inner-shells, the va-

cancy may be accompanied by non-radiative transitions, including the emission

of Auger as well as Coster-Krönig electrons. These processes are considered

in TILDA- V for all the investigated targets, namely, by considering both the

275 probability and the corresponding electron energy. For water, we adopted the

data reported in Martin's thesis [®], while for DNA the Auger electron non-

radiative probabilities and energies provided by the Livermore Evaluate Atomic

Data Library NI are used for the different atomic constituents involved in the

biomolecular target description [NIL

280 4. Biological matter description

In the case of describing the biological matter by water or through the basic

DNA components (A, C, T, G and SP), the biological medium has been modeled

by using molecular wave functions, all obtained on quantum mechanical grounds.

The description of the initial ground state molecular orbitals are assumed to be

285 obtained by linear combinations of atomic orbitals (LCAOs) approximation.

Thus, the initial bound state of a molecule, cbi, can be represented by a linear

combination of Slater-type functions, namely,

Ns

= Eaopk, (18)
k=1

Ns being the number of Slater functions that composed the atomic orbital and

(Pk defined as,

Sok(r) = Rk(r)lin(7')

15
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290 where Rk(r) is the radial part given by

(2zOn+1/2
Rk(r) =  

rn—le—Zkr (20)
V(2n)!

The coefficients ak and Zk are tabulated for various atoms in Ref. [M] and the

angular part yr (f.) represented by spherical harmonics. For more details about

the initial state active electron description we refer the reader to our previous

work PIO .

295 Finally, the cross section for a given molecular orbital is obtained by sum-

ming up the contribution of each atomic cross section that correspond to a given

molecular orbital,

= i=1
(21)

with o-, the atomic cross section, which is computed using Eq. (9) for ion-

ization and Eq. (15) for electron capture, respectvely, i@i,a being the effective

300 electron occupation number and Ni is the number for a given molecular orbital.

For water, the corresponding binding energies, ei are computed by employing a

self-consistent field method (MO-LCAO-SCF), whereas a complete neglected of

differential overlap (CNDO) approximation is employed for the effective occu-

pation electron analysis of the different molecular orbitals Pl. Regarding the

305 DNA components, an ab initio method in which all the molecular orbitals of

each DNA component were described by a linear combination of atomic wave

functions by using the GAUSSIANO9 software at the RHF/3-21G level [®] was
adopted. For more details, we refer the interested reader to our previous study

[®] where the CNDO descriptions of DNA nucleobases, including the binding
310 energies and the effective electron occupation, needed to describe the target

molecular wave functions are reported. Let us mention that the biomolecular

targets under investigation are considered as isolated molecules and refer to

living matter components in vapor state. In this sense, this work clearly dif-

fers from the existing studies on liquid water and/or condensed DNA where

315 the energy-loss function of realistic biological components was extracted from
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experimental data and interpolated for use in cross section calculations (see for

example the series of works provided by Abril and co-workers[ , ZE]).

Finally, in order to gain insight into the real energy deposit cartography

induced by proton impact in biological medium, we have considered a typical

320 nucleotide i.e. an equivalent unit of DNA molecule composed of a nucleobase-

EMI

pair plus two SP groups [4Ill]. Additionally, to fit the realistic composition of

living cells, we also took into consideration the nucleobase repartition percent-

ages reported by Tan et al. [K], namely, 58% (A-T) (adenine-thymine base

pair) and 42% (C-G) (cytosine- guanine base pair). However, this description

325 refers to dry DNA, which obviously cannot mimic the biological reality, mainly

composed of hydrated DNA. Thus, starting from the work of Birnie et al [EZ],

who estimated that the total amount of water associated with DNA was of the

order of 50 moles per mole of nucleotide, in order to get the expected density

of 1.29 g.cm-3, we have considered a biological medium composed of hydrated

330 DNA by adding 18 molecules per nucleotide. As a result, the final nucleotide has

a mass equal to 947.87 g.mol-1 with the following mass percentages: A (8.3%),

T (7.7%), C (4.9%), G (6.7%), SP group (38.1%) and water (34.3%) [E]. Thus,
when particles cross hydrated DNA, a random sampling, based on the mass

percentage, is used for precisely selecting the DNA component impacted [MIL

335 5. Results

In this section we will present the results of theoretical calculation obtained

within CDW-EIS approximation and a comparison with experimental data will

be done where possible. Moreover we will show some outcomes of TILDA- V

MCTS code.

340 5.1. Theoretical cross sections

In Figs. g and 1, we report the DDCS obtained within CDW-EIS approxi-
mation for different ions, H+, He2+, C4+, and 08+, respectively, impacting on

water molecule. In general, we observe a good agreement between the CDW-EIS

17



calculations and the measurements for the different emission angles presented.

345 In general, for the different presented projectiles type, we can observe a good

agreement of the DDCS, as a function of the electron ejected energy, with the

experimental data, for various emission angles. In Figs. 2(b) and 3, the CDW-

EIS results underestimated the DDCS in backward angle emission for an ejected

energy greater that some hundreds eV. In Fig. 1, we can observe in the mea-

350 surements, the contributions of K-LL Auger peaks of oxygen, which were clearly

observed at around 480 eV for all angles. In particular, for the C4+, the exper-

imental DDCS at 30 degrees, present the electron loss to the continuum peak

(ELC) around 3 keV and the binary peak around 10 keV. The latter is also well

described by the theoretical calculations. Whereas, both Auger emission and

355 ELC contribution are not included in the theoretical model. In Fig. 4 we present

the theoretical DDCS results computed within CDW-EIS approximation for 11+

and C6+ ions impacting on adenine and uracil molecules, respectively. For ade-

nine molecule, we have a good agreement between the theoretical DDCS and ex-

perimental data. However, we can observe the CDW-EIS results underestimate

360 the measurement for backward (135 degrees) angle. Also, slight discrepancy is

found for low ejected energy, less that a hundred eV, for forward angle emission

(15 degrees). Besides for adenine (C5H5N5), reported measurements, two peaks

appears at approximately 250 and 400 eV, these are K-LL Auger electrons con-

tribution from carbon and nitrogen atoms, respectively. For uracil molecule, the

365 CDW-EIS results describe well the experimental data in the presented energy

range. Similarly to the case of adenine, the uracil, (C4H4N202), experimental

DDCS present an extra K-LL Auger electrons contribution at around 480 eV

given by the oxygen.

In Fig. 5, we present the total cross sections (TCS) for electron ionization

370 and electron capture of vapor water molecule impacted by, H+, He2+ and C6+

ions, 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 result of the numerical integration of DDCS
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375 mo . Besides, no experimental data are available for electron capture. We must
also indicate that the theoretical calculations overestimate the experimental

data at collision energies lower than 150 keV/u for alpha particle impact.

5.2. TILDA-V results

In this section we will present some radiodosimetry results obtained with

380 TILDA- V code P.E! . We report the dose profile computed in water as well in

hydrated DNA medium. To do that, we have followed the procedure proposed

by Wiklund et al. [151], which consists in subdividing the proton track in cylin-

drical shells with a logarithm size (33 bins in radial range from 0.1 nm to 240

nm) and scoring all the secondary electron histories along a 40µm proton track.

385 The results for 1 MeV proton are presented in Fig. 0, along with a selection

of previous MC results and analytical calculations. Experimental data taken

from Wingate and Baum PIN are also reported. Our simulations (red stepped

line) are consistent with Wiklund et al.'s results (green stepped line) even at

small radius (< 1 nm), which stems from the fact that their MC code is based
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390 on a similar CDW-EIS theory than ours for treating the secondary electron

emission. Only small differences can be seen, which are due to the variant of

secondary particle tracking performed using the PENELOPE code in the work

of Wiklund et al. [®] . At large distances the data reported by Wiklund et al.
slightly tend to overestimate our calculations. The LionTrack profile (blue line)

395 largely underestimates our results as well as the experimental data for r < 1 nm,

whereas it tends to overestimate the data for higher radii. This disagreement is

particularly surprising since the CDW-EIS model is also employed for describ-

ing the proton-induced ionization process as well as the PENELOPE code for

modeling the secondary electron tracks. However, the authors indicated that

400 the input dataset used for tracking the secondary electrons in their simulations

was Dingfelder's database cross sections [dB, q, whereas the default PENE-

LOPE database was used in the work of Wiklund et al.. The profiles provided

by Olko et al. based on MOCA-14 track-structure code (magenta stepped line)
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by Emfiezoglou et al. based on MC4V track-structure code (orange stepped

405 line) with the dielectric response model and by Wilson et al. based on PITS

track-structure code (violet stepped line) appear overestimated, in particular in

the low-radius domain (r < 1 nm), while they converge to our results at higher

distances. Finally, a large degree of similarity is observed between our profile

and the calculations of Olivera and co-workers [C0M, while the prediction by

410 Butts and Katz [=0:1] and the semi-analytical calculation reported by Wiklund

et al. [®] overestimate all the profile up to 10 nm from the ion track.
We report a study, made with the MTCS TILDA- V code, on the influence

of the theoretical approximation used to compute the ejected angle of the sec-

ondary particle for the ionization process induced by proton on water. The

415 results shown in Fig. 7, both profiles have been computed for an incident pro-

ton energy of 100 keV and 1 MeV. In the Bragg's peak region, the radial profiles,

obtained with both theoretical approaches, present a discrepancy for low radii

(< 1 nm). Whereas, for a radii greater than 1 nm, both profiles show the same

trend. For 1 MeV incident proton energy, neither profiles present a notable dif-

420 ference. Thus, we can deduce that the importance of the quantum-mechanical

model is most relevant in the low energy, in particular in the Bragg's peak re-

gion. Also, we investigated the influence of the biological medium description

on the radial dose profile for protons beam energy of 100 keV and 1 MeV. In

a first attempt, we used the vapor water to characterize the biological matter

425 and then the hydrated DNA, with density of 1 g.cm-3 and 1.29 g.cm-3, respec-

tively. The results are depicted in Fig. 0, for both incident proton energies,

the hydrated DNA profile is approximately 1.5, close to the ion track, greater

than water one. Besides, we can observe that this gap is not constant in all the

presented radii, it seems to decrease as the radial profile increase. In fact, the

430 profiles intersect nearly to radius of 2 nm, after that the water profile dominates

the hydrate DNA one for large radii.

In Fig. 9, we report a micro-dosimetry calculations, made with TILDA- V,

of proton depositing energy in cylinders (height x radius) of 2 x 1 nm, 10 x 2.5

nm and 25 x 12.5 nm. We choose these dimensions since they represent the ge-
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435 ometrical model of DNA segment, nucleosome and chromatin fibre, respectively.

The simulations are carried out considering a random trajectory of the proton

beam incident on the cylinder, which containing either vapor water or hydrated

DNA with density 1 g.cm-3 and 1.29 g.cm-3, respectively. As shown in Fig. 9,

we observe a peak of deposit energy, both for the primary and secondary par-

440 ticles, protons and electrons, respectively. This peak move toward high energy

as the dimensions of the cylinder increase. Besides, in the left part of the peak,

we observe that the deposit energy by protons is greater in cylinder filled with

water then in those filled with hydrated DNA. Whereas, in the case of deposit

energy by secondary electrons, it is always more significant for cylinders filled

445 with hydrated DNA that those filled with water.

6. Conclusions

To sum up, in this work we described the main points of the physics of

irradiation of living matter by charged particles. In particular, we given an
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overview of the theoretical quantum mechanics CDW-EIS approximation used to

450 characterize the ionizing processes, ionization and electron capture, induced by

ions on vapor water and DNA nucleobases. We show theoretical predictions are

able to reproduce the available experimental data for all the presented collisional

systems. The computed theoretical cross sections have been used to build up

the input database for the TILDA- V MCTS code. With the TILDA- V code, the

455 micro-dosimetry endpoints were obtained for water and hydrated DNA, both

for the primary and secondary particles, which have shown the importance of

describing a realistic biological environment.
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