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Abstract

CrossMark

Single- and multiple-electron removal processes (ionization, capture and transfer-ionization)

from water molecules by the impact of protons have been studied. A prior version of the three-
body continuum distorted wave-eikonal initial state (3B-CDW-EIS) approximation within the
independent electron approximation is used to calculate transition probabilities as a function of
the impact parameter and consequently pure and net absolute cross sections for the collisions
under consideration. A unitarization procedure is employed to avoid possible overestimation of
the 3B-CDW-EIS single-particle impact parameter probabilities at intermediate collision
energies. Multiple-electron transitions are determined using a statistical multinomial distribution.
A critical analysis of the validity of this type of distribution for describing pure single-electron
processes is presented. The results are compared with other theoretical calculations and available
experimental data at impact energies from 50 keV to 5 MeV. New physical insights into the

reactions studied are introduced.

Keywords: water, multiple-electron processes, ion—molecule collisions, electron ionization,

electron capture, transfer-ionization

(Some figures may appear in colour only in the online journal)

1. Introduction

The interaction of charged particles with molecular targets is
of fundamental interest in current research areas such as
plasma physics [1], thermonuclear fusion [2] and others. In
particular, collisions between fully stripped ions and water
(H,0) receive much attention in biology and medicine [3].
Irradiation of biological matter by ion beams produces sec-
ondary species (such as electrons, ions and radicals) along the
radiation track, which can further react within irradiated cells
to provoke critical DNA lesions such as base damages and
single- or double-strand breaks, and then induce radiation
effects such as the arrest of cell division, chromosomal
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aberrations, mutation and cell-death [4, 5]. Indeed, DNA
lesions and, more particularly, those involved in clustered
damages are considered of prime importance for describing
post-irradiation cellular survival [6].

Under these conditions, improved theoretical models, as
well as experimental data, of ion-induced collisions on DNA
remain crucial nowadays. As a first step, investigation of
single- and multiple-electron removal processes occurring
between fully stripped ions and H,O molecules is of funda-
mental interest. It is well known that secondary electrons play
an important role in radiation-induced biological effects. A
large number of electrons can be produced in the Bragg
peak region in a collision with fast charged particles, where
incident ions lose most of their kinetic energy. These elec-
trons may induce ionization and fragmentation of neighboring
molecules.

© 2018 IOP Publishing Ltd  Printed in the UK
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The large amount of interest in this issue has led to the
formulation of various theoretical models. To calculate diff-
erential cross sections and total cross sections (TCSs) for the
ionization of H,O molecules, a number of semi-empirical
methods have been applied [7-10]. Also, descriptions based
on the Born approximation [11-14] and on different versions
of the various continuum distorted wave-eikonal initial state
models [9, 15-17] have been considered to describe the
ionization or capture reactions resulting from the collision of
heavy ions with H,O-vapor targets. Investigations of multiple
ionization, capture and transfer-ionization processes for
ion—H,O systems have also been performed in the frame-
work of the nonperturbative basis generator method (BGM)
[18] and using the classical trajectory Monte Carlo (CTMC)
treatment [19-22].

A large variety of final projectile and target charge
states may be produced during the collision processes.
Consequently, calculations of cross sections of pure ioniz-
ation, capture and transfer-ionization reactions are essential
in order to determine the main features of multiple-electron
processes.

In the BGM, single-electron removal probabilities from
each molecular orbital (MO) are investigated through an
inclusive probability formalism. A single-particle model is
employed, where a set of oxygen atomic orbitals (AOs)
obtained from density functional theory calculations and
hydrogenic projectile states together with 22 pseudo-states are
included to describe the MOs and ionization channels [23].

In a previous work [17], a molecular version of the
continuum distorted wave-eikonal initial state model (CDW-
EIS-MO) within a three-body description (active electron,
residual target and projectile) was employed. The MOs were
constructed as contractions of Gaussian-type functions,
using the STO-3G basis set [24] based on a Hartree—Fock
approach, and the associated orbital energies were deter-
mined. A CNDO (complete neglect of the differential
overlap) description of the MOs, obtained as a weighted sum
of atomic probabilities corresponding to the molecule
compounds, was also employed. Using an independent
particle approximation, net and pure cross sections were
calculated for ionization by the impact of proton beams
using a binomial statistical distribution which does not take
into account the influence of electron capture probabilities.
Its inclusion may play a principal role at intermediate col-
lision velocities. Net electron capture cross sections were
also reported. It was shown that cross sections obtained by
using the more complex Hartree—Fock wave functions or the
CNDO representation of the MOs give negligible differ-
ences, for both electron capture and ionization processes.

An alternative three-body CDW-EIS model (3B-CDW-
EIS) [25-29] is used in the present work in order to calculate
transition probabilities (capture and ionization) as a function
of the impact parameter and absolute cross sections for the
considered collisions. Our main scope is the investigation of
pure electron processes where the active electron is ionized
(and/or captured) while the residual electrons are considered
frozen: they remain in their initial orbitals during the col-
lision. With this aim in mind, for multiple-electron reactions,

we use a statistical multinomial distribution within the inde-
pendent electron approximation instead of a binomial one,
where the influence of electron capture on ionization, and
vice versa, is included in the treatment. For simplicity, and
following the above described results, the initial wave func-
tions of the active electrons bound to a particular H,O MO
are described by means of the CNDO approximation [30].
Roothaan-Hartree—-Fock (RHF) wave functions [31] are
employed to represent the states of the atomic compounds of
the MOs. We must note that in recent work on the single-
electron ionization (SI) of H,O molecules by multiple charged
ions, where double differential cross sections (DDCSs) were
calculated using a molecular representation of the target [32]
or a CNDO approximation of the orbitals, only minor dif-
ferences were obtained [16]. The origin of this agreement
could come from the fact that when the molecular description
is used to calculate DDCSs an average over all molecular
orientations is necessary. Cross sections, however, are very
sensitive to the orbital energies employed in the calculations
[33]. Thus, we use the orbital energies obtained with a more
complete 3-21G basis set [34]. We consider Coulombic
continuum wave functions for each one of the MOs with
effective charges obtained from their corresponding binding
energies. This description has been used with success to
describe DDCSs [16, 35, 36]. Also, in the BGM and CDW-
EIS-MO models, only the four valence orbitals were con-
sidered, which appears to be sufficient when TCSs are cal-
culated. However, in [16] it was shown that the deepest 1a;
orbital dominates the DDCS for large electron velocities at
forward and backwards emission angles. So, we prefer to
consider all the MOs of H,O vapor. Furthermore, as in the
BGM and CDW-EIS-MO models, transitions to excited states
of the molecule are here neglected.

As probabilities may give values larger than unity at
intermediate collision energies, even for proton projectiles,
we employ the Sidorovich unitarization procedure [37],
which has been applied with success, and playing a crucial
role, to describe DDCSs within the CDW-EIS approximation,
for the impact of Au”" on Ar and Ne atoms [38]. This
approximation corresponds to the solution of differential
balance equations for the populations of the final states pro-
vided that inverse transitions to the initial state are neglected.
On the experimental side, a significant number of measure-
ments have been performed especially for pure reactions in
proton—H,O collisions [10, 39-44], with the consideration
that they may offer more detailed physical information on the
reactions studied.

The paper is organized as follows. The 3B-CDW-EIS
formalism for a proton—H,O collision is introduced in
section 2. The results and discussion for single and multiple
ionization reactions are presented in section 3.1, for single-
electron capture (SC) and transfer-ionization in section 3.2
and for net ionization and capture in section 3.3. Conclusions
are given in section 4.

Atomic units are used throughout the paper unless
otherwise stated.
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2. Theoretical model

In this work we investigate the collision of a bare nucleus
with charge Zp and a molecular target. For the impact ener-
gies considered here (50 keV to 5 MeV) the interaction
process is sufficiently fast that we can neglect rotational and
vibrational degrees of freedom of the target and we consider
that the target position is spatially fixed during the reaction.

In order to reduce the multielectronic problem to a three-
body one, we assume that there is only one active electron
whereas the rest (passive) ones remain frozen in their initial
orbitals during the collision. Thus, the residual target acts as a
core and the two other bodies are the projectile and the active
electron. This approximation has previously been applied
with success (see for example reference [25]). Using the
straight-line version of the impact parameter approximation,
where R = p + vt is the internuclear vector, p is the impact
parameter vector, v is the projectile velocity parallel to the
z-axis of the laboratory reference frame with origin fixed in
the center of mass of the target and ¢ is the evolution time, the
single-electron Hamiltonian can be written in the form

Zr,

2
H=-L 2 Oy o v®. )
2 S i X

l

where s represents the active-electron position vector with
respect to the projectile ion, the sum takes into account
interactions of the active electron with all the molecular nuclei
with nuclear charges Zr, and x; is the position of the active
electron with respect to the ith target nucleus. The term V,,,(r)
in equation (1) describes the interaction between the active
electron and the passive ones

oo
) P—

Vap(®) = (0, ({1}
j=1 |I‘ - rpjl

o). @

with r being the active-electron position vector with respect to
the laboratory reference frame, ¢, ({r,,}) is the wave function
which corresponds to the N, passive electrons and {r,;}
indicates the ensemble of position vectors of the jth passive
electrons. The last term in equation (1), Vg(R), is the static
potential which corresponds to the residual target—projectile
interaction. As it is independent of the active-electron coor-
dinates, it is relevant only for the projectile angular distribu-
tion and it cannot generate electronic transitions. So, it will be
neglected hereafter [25].

The transition amplitude for SI or SC can be written as

on.c +oo 0
A{()n,(,ap , k — _l' dt l()n cap H _ l'_ Y, 3
o0 =i [ a1 - i i, @)

where it is assumed that

lim (X" x;) = 0. 4)
t—+o0

In equation (3), k is the linear momentum of the ejected
electron. The initial x; and final x/”"““ wave functions for
ionization and capture, respectively, are chosen as

X; = Oi(r, DL (s), &)

X[})n _ lOI‘l (I‘ t)LCDW Jion (S) (6)

X;ap q)cap(s t)LCDW ,cap (r)’ (7)
where

®i(r, 1) = @(r)exp (—ieit), ®)

lOI‘L )

P(r, 1) = @, (r)exp (—ie'f
= (2m) 3/ 2exp (—ig'?"t + ikr)N*(&),F,

X (—i&; 1; —ikr — ikr), )

2
L(s, 1) = ¢, (5) exp(—ze“”’t + ivr — l;f) (10)

with ¢; being the initial bound orbital of the active electron of
the H,O molecule. The MOs are described employing the
CNDO approximation [30], ¢ is the continuum wavefunc-
tion of the active electron, ¢y is the final-state bound wave-
function, 5}"” = k*/2 is the final ejected-electron energy, and
g7 is the orbital energy of the captured electron. The dist-
ortion factors, associated with the active-electron—projectile

interaction, are given by

L5 (s) = exp[—iv In(vs + vs)], (1D
L}?‘DW,iun(s) = N*({)\Fi(—i¢; 1; —ips — ips), (12)
LPYP ey = N*(&) Fi(—i&; 1; —ivr — ivr),  (13)

where v=2,/v, (=Z,/p with p=k —v the linear
momentum of the ejected electron with respect to the pro-
jectile, N(a) = exp(ma/2)['(1 + ia) with T' the Gamma
function and F(a;1;b) the Kummer confluent hypergeo-
metric function. Also ¢ = Zy/k, where an effective charge Z7
was introduced in order to replace the active-electron—resi-
dual-target interaction by an effective Coulombic one, defined
by the equation:

*

Z Z
v = 52 vy = - EL

i Xi r

(14)

The single-active-electron ionization probability, differential
in the final electron energy E; and solid angle €, subtended
by the ejected electron, is defined as

d3pion (p k) k f27r .
£ SRR = do |A2 (p, K) 2.
dELd, > Jo lAf" (p, K|

The full SI probability is obtained by integration of
equation (15) over E; and () :

15)

p(p, k)
dE d

For electron capture the single-particle probability is given by

P (o) = [[dEcasy 16)

27
P = o= [ dgla P, an
21 Jo
where the integration in equations (15) and (17) is performed
over the azimuthal angle ¢, of the impact parameter vector.
We refer to pi®»¢e as the probability of a single electron
being removed from a given orbital.
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Ay is computed from the matrix element Ry, which is
given as a function of transverse momentum transfer 7, by
applying the Fourier transform, as follows:

A (p) = o= [ane-mwrirray. )
The expression for R[}””’C‘”’ has been previously reported in
[27] and [29] for ionization and capture, respectively.

The ground state of H,O is described by the known
configuration (1a;)*(2a;)*(1b2)?>(3a;)*(1b;)?. The prob-
abilities of ionization and capture for a particular MO can be
calculated as a linear combination of those corresponding to
the AOs that compound the given MO. Based on the popu-
lation analysis arising from the CNDO approach [16], the
probabilities of each H,O MO are given by:

Bl = 28 19
Pl = VAP, + OS2pfrSn . Q0
P = LIsplnen, 08z @
Pl = 022l + 144p et + 034prsn
(22)
Pl = 2l e3)
The corresponding MO energies are: g, = —19.842 au,
€24 = —1.18 au, &p, = —0.67 au, &q = —0.54 au,
&p, = —0.46 au. The effective charge Z7 in equation (14) is

chosen as Z; = \/—2n?e; [45], where n; is the principal
quantum number of each atomic compound of the molecule
and ¢; is the active-electron binding energy of a given
MO. The SI and SC probabilities are defined as
p;'on,cup — ﬁfon,c'ap/Z, where jE {1ay, 2ay, 1b,, 3ay, 1b1},
because each MO is populated by two electrons. Thus, the
pjf”"’mp describes the probability of a single-electron removal
(ionization or capture) from a given jth MO. We average the
probabilities of ionization and capture from the 2p subshell of
the oxygen atom as

pzi;n,cap 4 Zpion,cap

ion,cap __ 0 2p,
jomcap = 3 . (24)

The electron capture probabilities are calculated as

3
per =" (25)
n=1
where 7 is the principal quantum number corresponding to the
different projectile excited states [29].

Taking into account the fact that SC or SI are represented
by employing the model introduced above, where the passive
electrons must remain frozen during the collision and so
cannot be promoted to other states, we may conclude that the
corresponding probabilities may have an exclusive character.

We describe in the following the case where various
electrons are removed from the target. Considering the diffi-
culties of using a multielectronic representation, we decided
to employ a statistical multinomial analysis [46] based on the
independent particle approximation. Considering that for

single-electron reactions we have assumed a ‘one-active-
electron model’, where this electron evolves throughout the
entire collision time independently of the other electrons,
which remain frozen and bound to the residual target, we
adopt this image for multiple-electron processes. This means
that in the multiple reaction each one of the ‘active’ electrons
evolves in a similar, independent way. Thus, the probability
for g-order ionization or g-order capture is given by the
expression:

Ni,...sNpy .
Pion,cup o lz 6 ﬁ ]VJ ( ion,cup)q.
q - q’quj q; p] !
G5y =0 j=1 J
. (l _ p;()II,L'ap _ p;'ap,wn)]\lﬁqj, q 2 2’ (26)

where m is the total number of MOs of the target, N, is the
number of electrons in the jth MO before the collision, g; is
the number of electrons removed from the jth MO and
the Kronecker 6 selects those combinations of electrons
ionized (captured) from the active MO. In [17] a binomial
distribution for g-order ionization was used. It is equivalent
to neglecting the third term ij“” contained in the parenthesis
of equation (26), and thus to disregarding the influence of
electron capture on electron ionization. Moreover, charge
exchange probabilities were obtained in [17] in an
approximated way by the continuation of SI probabilitites
just below the ionization threshold.

TCSs for g-order ionization/capture can be expressed as

O,I;n,cap _ 27Tpr;0"’cap(p)dp, (27)

where P;””"‘“”(p) is hereafter calculated using the three-body
approximation given by equations (16) and (25) but adding
the contributions from all MOs.

TCSs of multiple-transfer processes for the ionization of
k electrons to the continuum with simultaneous capture of [
electrons are calculated using the expression:

NiyooowNy Ni,oosNp m N: ki + lj
£ st )
Kty =011y =0 ’ . ki + 1 kj

(P - (p{P) - (1 — pl”

— pCaryN—kj—1;
J pj ) :

(28)

The sum k + [ is equal to the degree of electron removal from
the target. Strictly speaking, equation (26) is a particular case
of equation (28).

The net ionization and capture probabilities can be cal-
culated as

) N N—gq
Pui(p) =2 4q) Pl (39)
g=1 [=0
N N—g¢q
Pl (p) =>4 Py (30)
g=1 k=0

where N is the number of target electrons.
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Figure 1. Cross sections for pure SI of H,O by proton impact.
Theories: solid line, 3B-CDW-EIS; short-dotted line, binomial 3B-
CDW-EIS; dashed line, BGM from [18]; dash-dotted line, CDW-
EIS-MO from [17]; dash-dot-dotted line, independent particle model
CTMC from [22]; dotted line, independent event model CTMC from
[22]. Experiments: (H), from [42]; (@), from [43]; (A) and (x), from
[44]; (@), from [10].

3. Results and discussion

Applying our model to the proton—H,O-vapor collision
system, we have obtained single- and multiple-electron
removal cross sections. After the calculation of single-particle
probabilities p*(p) and pP(p), we found that they can
exceed unity for sufficiently low impact energies and small
impact parameters. To solve this problem we used the uni-
tarization procedure suggested by Sidorovich [37] for each
Jjth MO:

i (p)
[P (p) + P (p)]
x {1 = expl= (" (p) + P (P)]},

P (p) =
(31)

where the index « can be taken as ion or cap. As previously
indicated, its application is supported by its success in
describing multiple-electron ionization DDCSs for highly-
charged ions impacting on Ar and Ne atoms [38].

3.1. Single and multiple ionization

In figure 1 pure (exclusive) SI cross sections corresponding
to different models in comparison with experimental data
[10, 42—-44] are shown.

The important point in our model is that we reduce the
many-electron system to one active electron, while the
remaining target electrons are frozen during the collision. It
should be mentioned that TCSs from [42] and [44] were
measured as SI + TI;; (TI;; is a simultaneous ionization of
one electron and capture of one electron) cross sections. In
[10], the measured production yields were corrected in order
to obtain the true single-ion and ion-pair production yields.
However, their result for SI is contaminated by the
H" + H" +QO° channel, because the detector was not able to
distinguish between one and two H ions coming from the

(= —
S S,
3 >

o H 2
Cross Section (cm”)
S

1000
E, (keV)

107" L
50 100

Figure 2. Cross sections for DI of H,O by proton impact. Theories:
solid line, 3B-CDW-EIS; dotted line, binomial 3B-CDW-EIS;
dashed line, BGM from [18]; dash-dotted line, CDW-EIS-MO from
[17]. Experiment: (4p), from [10].

same collision event. In the experiment corresponding to [44]
these type of correction were not considered.

At impact energies larger than 300 keV good agreement
with the experimental data of [10] is found. Previous BGM
[18], CDW-EIS-MO [17], independent particle model CTMC
(IPM-CTMC) [22] and independent event model CTMC
(IEVM-CTMC) [22] calculations are also displayed in
figure 1. The results of the BGM [18] and CDW-EIS-MO [17]
calculations are in close agreement. However, both models
underestimate the experimental data at low and intermediate
energies. Moreover, the BGM tends to underestimate the
experiments as the impact energy increases. As previously
demonstrated, the reduction of the multielectron problem to a
one-active-electron problem is obtained assuming that the
passive electrons remain frozen in their initial orbitals [25], so
that SI probabilities are consequently exclusive. Thus, a
multinomial distribution statistical model, in particular a
binomial one, should not be applied to study pure single-
electron reactions. The binomial statistics are computed from
equation (26) by setting p“¥ (p) = 0.

The IPM interpretation in the framework of the CTMC
model of [22] largely underestimates the experiments over all
the energy range. However, the IEVM-CTMC approximation
is in reasonable agreement with the measurements at low
energies, but underestimates the data measured in [10] at
higher energies.

Pure double electron ionization (DI) cross sections
corresponding to different models and experimental data are
plotted in figure 2.

The experimental data points in figure 2 result from the
sum of two fragments of DI (the H" + OH" and H" + O*
channels) obtained in [10]. Therefore, in order to evaluate the
DI cross section, it is necessary to sum the contribution of
the H" + H" + O° channel and subtract contamination of
the H" + O" channel from the H" + H" + O" channel.
However, at present, it is impossible to achieve this using the
experimental setup described in [10]. The fragment
H® + H° + O** can be created from a H,O>" ion, but it has
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Figure 3. Cross sections for the TI of H,O by proton impact.
Theories: solid line, 3B-CDW-EIS; dotted line, binomial 3B-CDW-
EIS; dashed line, BGM from [18]; dash-dotted line, CDW-EIS-MO
from [17].

been shown that it gives a minor contribution to the full
DI [42, 43].

The 3B-CDW-EIS model shows good agreement with
the experiment in [10] at high enough impact velocities and is
in close agreement with the CDW-EIS-MO results. However,
the 3B-CDW-EIS model overestimates the measurements at
energies lower that 1 MeV. This should be attributed to the
necessity of considering the interaction between the two
ionized electrons in the exit channel. At these energies, the
BGM results, also shown in the figure, give a better repre-
sentation of the experiments.

We compare theoretical results for the pure triple ioniz-
ation (TI) process in figure 3.

A close agreement of 3B-CDW-EIS with CDW-EIS-MO
results is found, even considering that we have used a trino-
mial distribution for probabilities instead of the binomial one
employed in the CDW-EIS-MO calculations [17]. The dif-
ference between both models at impact energies lower than
100 keV may be again partially attributed to the influence of
capture reactions. In general, the BGM results underestimate
both CDW-EIS approximations.

In order to estimate the influence of electron capture in
the DI and TI reactions, calculations using a 3B-CDW-EIS
binomial distribution (where charge exchange is neglected
in the determination of ionization probabilities; see
equation (26)) are included in figures 2 and 3. For both
reactions, electron capture is found to contribute only at
enough low impact velocities.

3.2. SC and transfer-ionization

Now, we turn our attention to the electron capture processes.
Pure SC TCS results corresponding to different models are
depicted in figure 4 along with available measurements
[39, 43, 44].

Here we observe that the present model shows good
general agreement with the measurements in [39], where the
total SC was measured. Pure SC and transfer-ionization

10"

10-16
10"’

10-18

10-].9

. 2
Cross Section (cm”)

107°

107 L~ :
50 100

1
1000 3000

E, (keV)

Figure 4. Cross sections for pure SC of H,O by proton impact.

Theories: solid line, 3B-CDW-EIS; dashed line, BGM [18]; short-
dash-dotted line, CTMC from [20]; dotted line, IEVM-CTMC from
[21]. Experiments: (M), from [39]; (@), from [43]; (A), from [44].

-16 |-

10
10" |
107
10"
107° |

21
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. 2
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22

107"

1000

107
50 100

E, (keV)
Figure 5. Cross sections for pure transfer-ionization TI;; of H,O by
proton impact. Theories: solid line, 3B-CDW-EIS; dash-dot-dotted

line, IMP-CTMC from [19]; short-dash-dotted line, CTMC
from [20].

processes are included in the data of [43] and [44], which
could explain the underestimation of experimental results by
3B-CDW-EIS at the lower energies, considering that the
present calculations correspond to pure SC.

SC TCSs computed employing BGM [18] are also
included in the figure. They underestimate both our results
and the experimental data at low impact energies, and slightly
overestimate at intermediate to high energies. The CTMC
approximation of [20] gives results in close accordance with
the 3B-CDW-EIS results at the high energy range, but over-
estimates the existing measurements at low impact velocities.
The IEVM-CTMC approximation [21] shows good agree-
ment with experiments at low energies, but appears to over-
estimate them at higher energies.

To our knowledge, no pure transfer-ionization exper-
imental data exist for the proton—H,O-molecule collision
system. Therefore, we compare our TI;; result with other
theories in figure 5. Calculations corresponding to the two
CTMC calculations [19, 20] are shown in figure 5. They are
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Figure 6. Net ionization cross sections of H,O by proton impact.
Theories: solid line, 3B-CDW-EIS; dashed line, BGM from [18];
dash-dotted line, CDW-EIS-MO from [17]; short-dotted line, PCM-
BGM from [47]; short-dashed line, IEVM-CTMC from [22].
Experiments: (H), from [40]; (A), from [41]; (4p), from [10].

almost identical, giving cross sections larger than the present
3B-CDW-EIS model.

3.3. Net ionization and capture

The net ionization cross sections are displayed in figure 6 as a
function of the impact energy. They are calculated using the
expression:

ion

Oyer = Os1 + 20p; + 3orr + oy, + 201y, (32)

The data from [10] for pure SI are included in figure 6,
because SI is a key channel in the net ionization for high
energies. It is found that 3B-CDW-EIS presents good agree-
ment with measurements at high energies and tends to over-
estimate them at energies lower than 500 keV. On the other
hand, we observed in figure 1 that 3B-CDW-EIS gives a good
representation of experiments for pure SI. It should be noted
that, to our knowledge, there are no experimental data for
pure oy, oy, oy, (Orp, 1s a transfer-ionization cross section
with simultaneous ionization of two electrons and capture of
one electron) and there exist only a scarce number of mea-
sured points for pure op;.

The BGM model [18] underestimates measurements at
high impact energies and the maximum of their curve is
shifted to low energies. A new pixel counting method in the
framework of BGM (PCM-BGM) [47] and the IEVM-CTMC
model [22] show good agreement with the experiments at low
and intermediate impact energies, but tend to underestimate
them at higher energies. At the present stage of PCM-BGM
[47], it can be used only for calculation of the net ionization
or net capture cross sections. The results of the CDW-EIS-
MO model [17] give a good description of experiments at low
and intermediate range, but slightly underestimate them at
high energies. In fact, to perform a complete analysis of the
net ionization cross sections it appears to be necessary to give
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Figure 7. Net capture cross sections of H,O by proton impact.
Theories: solid line, 3B-CDW-EIS; dashed line, BGM from [18];
dash-dotted line, CDW-EIS-MO from [17]; short-dotted line, PCM-
BGM from [47]; dotted line, [IEVM-CTMC from [21]. Experiments:
(@), from [39]; (V) from [40]; (@), from [43]; (A), from [44].

an appropriate description of each contributing individual
reaction.

Net electron capture cross sections for the H® — H,O
collision system, which are plotted in figure 7, are calculated
using the expression:

cd,
Ol = asc + oy, + oy, (33)

In the experiment presented in [40], measured SCs are
obtained as

(34)

where o, is the total target positive-charge production cross
section and o is the total target-electron production cross
section. This means that their results might include all
single and multiple capture and transfer-ionization cross
sections.

TCSs calculated within the 3B-CDW-EIS approximation
are in excellent agreement with experiments [39, 40, 43, 44].
The results of BGM [18] and IEVM-CTMC [21] give a good
description of measurements at low energies, but over-
estimate them at larger impact velocities. It would be inter-
esting to explore if this overestimation in the BGM
framework [18] (as well as the underestimation with respect
to other theoretical TCS predictions for electron ionization) is
caused by the use of the sinusoidal ansatz based on only two
fixed molecular orientations to average over all molecular
orientations. The curves corresponding to the PCM-BGM
[47] and CDW-EIS-MO [17] approximations are very close
to the 3B-CDW-EIS results. However, as was mentioned
above, the PCM-BGM method [47] gives just appropriate net
cross sections and in the framework of the CDW-EIS-MO
approximation [17] transfer-ionization processes were not
included, which could give a non-negligible contribution at
intermediate to low projectile energies. Finally, we must
remark that, as has been indicated for net ionization, TCSs
for net electron capture can give only an average result
without information about each pure process.

O = 0y — O,
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4. Conclusions

Single- and multiple-electron removal processes of water-
vapor targets impacted by protons were investigated within
the first-order of the 3B-CDW-EIS perturbative series. The
model is based on the reduction of the multielectron dyna-
mical system to a single-active-electron one. In order to
obtain this reduction the residual electrons are considered to
remain frozen in their initial states during the collision. Then,
single-electron ionization and single-electron capture prob-
abilities are determined. These single-electron processes are
calculated separately from a defined initial state to a defined
final one, without the necessity of additional approximations.
It is shown that the model gives an adequate description of
pure single-electron reactions.

In order to investigate multiple-electron processes, a sta-
tistical trinomial distribution is employed. This has been shown
to give a generally appropriate representation of the corresp-
onding existing experimental data for net cross sections. How-
ever, it is also proven that the multinomial analysis cannot be
satisfactorily applied for pure single-electron processes. We must
remark that net electron ionization and net electron capture TCSs
result from the sum of separate contributions coming from pure
reactions. Therefore, new measurements for pure multiple-elec-
tron processes would be welcome for a more complete
description of the different reactions and to avoid possible
compensation of individual contributions when net cross
sections are determined.

The developed approach can also be used to investigate
water fragmentation mechanisms and allow us to build
models including Auger-type post-collisional effects, which
are expected to give important contributions at high projectile
impact energies when multiple-electron removal processes
occur (see [48, 49] for atomic targets). In [48, 49] it is shown
that the inclusion of post-collisional effects improves the
theoretical agreement with available experimental data, par-
ticularly in the high impact energy region, and for high g-
order ionization. At the present time, we are working on the
inclusion of post-collisional effects in the case of molecular
targets, for both g-order ionization and capture. Future work
will also be focused on evaluating single- and multiple-elec-
tron removal cross sections for highly-charged projectiles
(He*", Li*", C®") colliding with water and DNA/RNA
macromolecules for possible applications in ion beam ther-
apy. With such a goal in mind, we plan to use the Sidorovich
normalization method which, as mentioned earlier, has been
applied with success to describe multiple-ionization DDCSs
of atomic targets by interaction with highly-charged ions.
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