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Theoretical multiple-ionization cross sections of Ne-like molecules by light-ion impact: H2O
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We present a simple theoretical model to calculate multiple-ionization cross sections (MICS) of Ne and
Ne-like molecules (molecules with ten electrons as H2O, CH4, NH3, and HF) for proton and light-ion impact,
taking into account both direct and postcollisional emissions. In this paper, we tackle the case of water molecules,
relevant to investigate the radiobiological effects of ion impact on living matter. The theory is developed
in the framework of the independent electron model (IEM). To keep the model as simple as possible, we
describe the impact parameter dependence of the single-particle ionization probabilities required by the IEM
through decreasing exponential functions for each target orbital. We obtain the parameters of the exponential
functions from the total net-ionization cross sections for each orbital by applying either the continuum distorted
wave-eikonal initial-state (CDW-EIS) approximation or Rudd’s model. We then calculate the contribution of
Auger postcollisional electron emission to MICS by using the Ne postcollisional emission probabilities. This
postcollisional treatment offers a very simple alternative to the much more complex molecular evaluation of
postcollisional relaxation and provides results in close agreement with experimental data for proton and other
light ions. We also demonstrate the relevance of considering postcollisional emission for water molecules after
the 2a1 (2s Ne-like) orbital direct ionization.
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I. INTRODUCTION

Space exploration is one of the greatest human challenges.
Coupled with this arises the necessity of knowing how galactic
cosmic rays and secondary radiations (high-energy protons
and charged nuclei) affect planetary atmospheres and astro-
nauts’ health [1]. Besides, swift ions are used in medicine in
the treatment of cancer, a technics called hadrontherapy [2].
In this context, knowing how protons and heavy ions induce
damage to biological tissue is a subject of current interest both
from the point of view of radiation protection (thinking of the
ions as carcinogenic agents) and for radiotherapy treatment
planning [3]. Whereas scientific and technological knowledge
has enabled us to develop many aspects of the effects of ioniz-
ing radiation, many questions remain open [4]. To understand
the action of radiation in human tissues, it is necessary to
refer to the initial reactions that occur when the ion goes into
the cells (whose major constituent is liquid water). The first
step, called the physical stage, is dominated by the ionization
(single and multiple) and excitation of the molecules of the
medium. After electron emission, the transient molecular ion
formed in the collision dissociates [5,6], and the molecular
fragments recombine to form different radicals and molecular
ions (water radiolysis), such as H•, H+, OH, H2O2, HO2,
etc., [7–11]. The study of water radiolysis requires ionization
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cross sections of liquid water as input for Monte Carlo sim-
ulations. Considering only single-ionization cross sections,
the measured radiolitic yields cannot be reproduced; then,
multiple-ionization processes must be considered. However,
experimental data and theoretical models for MICS for molec-
ular targets are scarce in the literature. From the theoretical
point of view, the study of multiple electron processes is a
very difficult task considering: electronic correlation, its rela-
tionship with the molecular orientation during the collision,
and the projectile and residual target Coulomb potentials that
could affect the emitted electrons evolution. Moreover, after
the ionization of inner orbitals, a postcollisional electronic re-
arrangement of the target occurs, leading to electron emission.
This effect plays a significant role in the molecular frag-
mentation during radiolysis. Such a short-time reorganization
of a molecule is rather complex regarding the high degree
of electronic excitation of the target when an inner electron
vacancy has been created. In particular, the coupling with the
numerous open channels associated with electron emission in
the continuum makes the ab initio computation rather difficult
[12–14], and alternative simpler models are highly desirable.

In previous works, direct MICS of water molecules by
ion impact were added in a Monte Carlo code developed
to study the physical, physicochemical, and chemical steps
in water radiolysis. The direct MICS were calculated in
the framework of the independent electron model (IEM)
by using impact-parameter-dependent continuous distorted
wave-eikonal initial state (CDW-EIS) probabilities [7]. The
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CDW-EIS probabilities were calculated by numerical inte-
gration of Bessel oscillating functions, which are very high
computation time consuming. Then, in a subsequent article,
the probabilities required by the IEM were modelized as expo-
nential functions [8] to optimize the computation time. In both
works, the postcollisional Auger emission (PCE) was added
considering a probability equal to 1 after a direct ionization
of one or two core electrons (electrons bound to the 1s orbital
of the oxygen atom). The radiolytic yields of H2O2 and O2

were in good agreement with experimental data, showing the
importance of multiple-ionization processes to explain the
experimental results. In more recent works, MICSs were cal-
culated by using the nonperturbative basis generator method
[14], the first Born perturbative approach [15] and the classical
trajectory Monte Carlo method [16,17]. However, the contri-
bution of Auger-like postcollisional electron emission, very
important at high-energy ion impact [18], was not included
in those MICS theoretical models or included considering
postcollisional emission only after one 1s−electron removal.

The scope of the present paper is to present a simple theo-
retical model to calculate multiple-ionization cross sections
by ion impact on Ne and the Ne-like molecules: H2O in
this article. The Ne-like molecules have the same number of
electrons as Ne and have a strong monocentric character that
allows us to develop a one-center “atomic” model to describe
the ground-state molecular orbitals as well as the outgoing
wave of the emitted electrons. The monocentric approach
was applied previously to calculate single-ionization cross
sections of Ne-like molecules, obtaining very good agreement
with experimental data [10,19,20]. Our theoretical model for
MICS calculations requires only the knowledge of the total
net-ionization cross sections by each atomic or molecular
orbital and the well-known Ne postcollisional emission prob-
abilities. The proposed model can, thus, be considered as a
scaled Ne model. In the next section, the theoretical model
is presented, and the results are compared with experimental
data and with other theoretical results. Atomic units are used
hereafter except where otherwise stated.

II. THEORETICAL MODEL

The simplest way to study theoretically multielectronic
transitions is using the IEM in which the interaction between
the electrons is considered in a mean-field approximation. In
this picture, each electron evolves independently in an effec-
tive potential created by the other electrons in their ground
state. The IEM-MICS calculations require the computation of
the single-particle process probabilities as a function of the
impact parameter [21]. Then, we use a binomial distribution
to express the probability Pq to remove q electrons from one
particular shell that contains N-equivalent electrons as

Pq(b) = CN
q p(b)q[1 − p(b)]N−q, (1)

where q = 0, 1, 2, . . . , N and p(b) is the probability to eject
an electron from the monoelectronic initial state to any mono-
electronic continuum state. In this expression, CN

q = N!
q!(N−q)!

is a binomial coefficient, and b is the impact parameter. The
cross section corresponding to this multielectronic transition

reads

σq = 2π

∫ +∞

0
b Pq(b) db

= 2πCN
q

∫ +∞

0
p(b)q[1 − p(b)]N−qdb. (2)

This approximated expression for σq contains information
both on single-electron collision and on the statistics of sev-
eral equivalent electrons in the target. The cross-section σq is
named the exclusive MICS [22]. The total net-ionization cross
section is calculated as

σnet =
N∑

q=1

qσq . (3)

In the case of multielectronic targets, such as Ne and
H2O where ionization from different orbitals can occur, an
extension of this formulation must be introduced. The direct
multiple-ionization probability can be calculated as

Pq,dir (b) =
N1,.....Nk∑
q1,...,qk=0

k∏
i=1

(
Ni

qi

)
pqi

i (b)[1 − pi(b)]Ni−qi , (4)

where q = q1 + · · · + qk , k is the number of orbitals, pi(b)
is the probability of emitting an electron from orbital i to a
continuum monoelectronic state, qi is the ionization degree of
orbital i after the collision, and Ni indicates the occupation
number of orbital i.

Ne and Ne-like molecules have ten bound electrons. For
the first-row hydrides, the ten electrons are distributed over
five orbitals with two electrons in each (k = 5). After ion-
ization of internal orbitals, Auger or Coster-Kronig emission
could take place. In this paper, we consider the PCE after
the direct ionization of the two innermost internal orbitals
of the Ne-like molecules as for the Ne atom case [18]. This
approximation for the case of water molecules is supported
by the similarity between the Auger spectrum for water and
the Ne atoms [23,24]. This idea was applied to the carbon and
oxygen atoms to study multiple ionization of CO molecules in
an independent atom model, obtaining good agreement with
experimental data [25]. The PCE was simulated taking into
account the case of Ne but considering that C and O atoms
have fewer electrons than Ne in their 2p subshell. However,
in that work, the molecular structure (to be considered to link
with the different fragmentation channels) was not taken into
account because the molecule was modelized as two indepen-
dent atoms at their equilibrium distance.

Following these previous ideas, but taking into account
the molecular orbital structure and their binding energies,
we include PCE to the MICS by adding a new factor
P (q1, q2, . . . , qk, α),

Pq,post (b) =
N1,.....Nk ,αmax∑
q1,...,qk ,α=0

P (q1, q2, . . . , qk, α)

×
k∏

i=1

(
Ni

qi

)
pqi

i (b)[1 − pi(b)]Ni−qi , (5)
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TABLE I. Postcollisional emission probabilities after single pho-
toionization of the 1s (β1) and 2s (β2) orbitals of the Ne atom
[26]. The case of α = 0 stands for luminescence, and no electron
is emitted.

α β1 (α) β2 (α)

0 0.010 0.873
1 0.736 0.119
2 0.220 0.008
3 0.031 0.00
4 0.003 0.00

where α is the number of emitted electrons from the postcol-
lisional process such that q1 + · · · + qk + α = q.

In Table I, we show the experimental probabilities, β1(α)
and β2(α) for postcollisional production of electrons if only
one electron is directly removed by photoionization from the
1s or 2s orbitals of Ne, whereas all the other electrons re-
main bound to the target [26]. These probabilities include the
postcollisional emission processes: Auger cascades (if a direct
ionization of an inner shell occurs), Coster-Kronig (related
to transitions into the same shell where the direct ionization
occurs), and secondary contributions, such as shake-off (that
accompanies sudden changes in the effective charge) and elec-
tron correlation.

Assuming that the PCE processes are independent of
the primary collision, the same probabilities are consid-
ered for protons and other light ions. As we can observe,
the probability of no-postcollisional emission (α = 0) af-
ter the Ne(1s) orbital ionization is negligibly small (0.01).
Then, a very simple approximation to take into account
this emission is to consider Auger-electron emission prob-
ability equal to 1 when a core electron is ionized. In that
case, P (q1 = 1, q2, . . . , qk, α = 1) = 1. This simplification
is commonly used in Monte Carlo codes for the trans-
port of ions and electrons in liquid water and other media
[7,27,28]. In the present paper, we call this approximation
1Au.

To take into account the direct ionization of the outer elec-
trons, and then, the lowest availability of electrons for PCE,
we follow the model developed by Ref. [12] for Ne and Ar
targets. Considering k = 5 (the case of a water molecule), the
postcollisional probability is calculated as

P (q1, q2, ..., q5, α)

=
α∑

α j=0

q1∏
j=1

M1(q2, q′, α j )
q1+q2∏

j=q1+1

M2(q′, α j ), (6)

where q′ = q3 + q4 + q5 is the ionization degree of the three
outermost orbitals in the target and

∑q1+q2
j=1 α j = α. In Eq. (6),

M1(. . . , α j ) and M2(. . . , α j ) are the probabilities for ejec-
tion of α j electrons provoked by the Auger decay of one
vacancy in the inner orbitals 1 or 2, respectively, accompanied
by direct ionization of the outer orbitals. Then, taking into
account the fact that more than one electron can be directly
ionized, reducing, thus, the number of electrons that can be

TABLE II. Ne: atomic structure. In parentheses in the first col-
umn, the principal quantum number of the atomic orbital. Binding
energies are in atomic units.

Atomic Electronic Binding energy
orbital (ni ) population RHF εi ri (a.u.)

1s (1) 2.00 Ne1s −32.77 0.1235
2s (2) 2.00 Ne2s −1.93 1.018
2p (2) 6.00 Ne2p −0.85 1.534

ejected after the collision, we set

M1(q2, q′, α j ) =
{

1 − 8−(q2+q′ )
8 [1 − β1(0)], α j = 0,

8−(q2+q′ )
8 β1(α j ), α j �= 0,

(7)

M2(q′, α j ) =
{

1 − 6−q′
6 [1 − β2(0)], α j = 0,

6−q′
6 β2(α j ), α j �= 0.

(8)

A. The exponential model

To calculate MICS, single-particle-ionization probabilities
pi(b) for each molecular orbital are necessary. The exponen-
tial model was used previously to calculate MICS by proton
impact on Ne and Ar atoms [18] and for heavy-ion impact
on He atoms [29]. In the present paper, we apply this model
to light-ion impact on Ne and water molecules considered
in a monocentric description. In the exponential model it is
assumed that the single-particle probabilities have an expo-
nential dependence with the impact parameter b,

pi(b) = pi(0)e−b/ri , (9)

where ri is a characteristic interaction distance for each elec-
tronic orbital and pi(0) is the single-ionization probability
for the zero impact parameter. In previous work, it has been
observed that the CDW-EIS reduced probabilities bpi(b) for
the impact of protons on Ne show the maxima at impact
parameters that coincide approximately with the Hartree-Fock
mean radius of the different subshells [18]. Also, the posi-
tion of these maxima presents a weak dependence on the
projectile energy. The reduced probability in the EM has its
maximum at an impact parameter equal to ri. Then, in the
present paper, we have calculated ri according to an extended
Borh atomic model: ri = ni/(−2εi )1/2, where εi is the orbital
binding energy in atomic units and ni is the principal quantum
number associated with the atomic or molecular orbital. In
Table II we present the parameters used for Ne. The binding
energies are extracted from Roothaan-Hartree-Fock (RHF)
calculations [18].

The parameter pi(0) is determined to reproduce the to-
tal net-ionization cross section per electron for each orbital
σi/Ni. Then, after integration using expression (9) to de-
scribe the single-particle-ionization probability, we obtain that
pi(0) = σi/2πNir2

i . In the present paper, we calculate the
total net−ionization cross sections for each orbital using two
approximations: (i) the CDW-EIS quantum-mechanical ap-
proximation for the atomic (CDW-EIS) or molecular (MO)
(CDW-EIS-MO) targets as described in Ref. [30] and (ii) the
semiempirical model proposed by Rudd et al. [31] by the
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TABLE III. H2O: molecular orbitals population and binding energies for vapor and liquid phases. In parentheses in the first column, the
molecular orbital principal quantum number. Binding energies are in atomic units.

Molecular orbital (ni ) Electronic population Binding energy vapor ri vapor Binding energy liquid ri liquid

1a1 (1) 2.00 O1s −19.84 0.1587 −19.81 0.1588
2a1 (2) 1.48 O2s −1.184 1.299 −1.187 1.298

0.52 H1s
1b2 (2) 1.18 O2p −0.676 1.720 −0.590 1.841

0.82 H1s
3a1 (2) 0.22 O2s −0.540 1.924 −0.492 2.016

1.44 O2p
0.34 H1s

1b1 (2) 2.00 O2p −0.463 2.078 −0.397 2.244

case of proton impact. In the next subsection, we present the
model used to calculate the ionization cross sections with the
CDW-EIS-MO approximation.

B. Molecular orbital representations and theoretical
ionization cross sections

In the CDW-EIS model, the initial electron orbital wave
function is distorted by a multiplicative eikonal phase associ-
ated with the projectile-electron Coulomb interaction. In the
exit channel, the emitted electron is described by a double
product of a plane wave and two continuum factors, associated
with its interactions with the residual target (with an effective
charge calculated in correspondence with the initial binding
energy as Zeff =

√
−2n2εi) and with the projectile. Thus, the

electron is considered to move in the combined field created
by the residual target and the projectile [19]. The CDW-EIS-
MO ionization cross sections for each molecular orbital are
calculated by making a linear combination of atomic orbitals
cross sections, whose coefficients are obtained from a pop-
ulation analysis [30]. This method, called complete neglect
of differential overlap, allows very good agreement with the
experimental differential and total-ionization cross sections
for water and other small molecules. Then, it was extended
to study more complex biologic molecules (as the DNA and
RNA bases) with important success [32].

The model of Rudd et al. [31] (called Rudd here after) is
a semiempirical model that allows us to calculate the single
differential and total-ionization cross section for proton im-
pact on molecular targets. Each molecular orbital is treated
separately, and the cross sections are represented by analytical
functions, dependent on the incident proton and the ejected
electron energies. This formulation is based on the first Born
approximation and uses parameters chosen to obtain the best
agreement with experimental data. These cross sections are
widely used, particularly, in particle transport Monte Carlo
codes since their implementation is very simple.

The H2O molecule

The electronic ground-state configuration of the
water molecule in the C2v symmetry group is
1a1

22a1
21b2

23a1
21ba1

2 (where the exponent gives the
number of electrons per orbital). The population analysis for
each orbital was performed by Senger [33] and was applied
to calculate the single and multiple direct ionization cross

section for the liquid [7,8] and vapor [19] phases. We present
the atomic populations and binding energies in Table III. For
vapor, we use the experimental binding energies. In the case
of liquid water, the binding energies are those of Dingfelder
et al. (2000) [34].

III. RESULTS AND DISCUSSIONS

A. The Ne case

Figure 1 shows the total-net-ionization cross-sections σnet

for proton impact on Ne. We emphasize that σnet is nothing but
the cross section to emit electrons, irrespectively of the target
final arrangement and is directly comparable to the electron
emission recorded in an experiment. Despite some observable
differences regarding the innermost orbital ionization, both
CDW-EIS and the Rudd models give close agreement with
experimental values. Note that we have scaled each orbital
contribution by a factor of 1/10 for the sake of clarity to avoid
superpositions between σnet and 2p contributions.

In Fig. 2, we compare experimental and calculated MICSs
of Ne by proton impact for single, double, and triple ioniza-
tions. The EM-CDW-EIS-post calculated using CDW-EIS and
EM-Rudd-post calculated using the cross sections of Rudd
et al. [31] show close agreement with the experimental data.

FIG. 1. Total net-ionization cross sections of Ne by proton im-
pact. Theory: CDW-EIS: solid line; Rudd: dashed line. Experimental
data: squares [35]; circles [36].
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FIG. 2. Ne MICS by proton impact. Theory: EM-CDW-EIS-
post: black solid line; EM-CDW-EIS-dir: blue dot-dashed line;
EM-Rudd-post: red dashed line. Experimental values: blue closed
circle [36]; open squares [35].

However, EM-dir (for both CDW-EIS and the Rudd models)
disagrees strongly with experimental data for energies higher
than 1 MeV for double and triple ionizations. This result is in
agreement with the conclusions of a previous job that postu-
lates that the Bohr parameter ZP/v (with ZP as the projectile
charge and v as its velocity in atomic units) is appropriate
to determine the region where postcollisional mechanisms
begin to dominate the MICS [25]. The separation between
curves corresponding to include or not PCE contributions is
produced in the region where ZP/v � 0.2 for q = 2 with a
shift to larger values of the Bohr parameter as the ionization
degree increases. For example, for 1-MeV proton impact, the
Bohr parameter is 0.157, and at this energy, it is evident that
EM-post and EM-dir start to separate.

We compare the ratio between multiple- and single-
ionization cross sections with experimental values for Ne in
Fig. 3. We include the EM-1Au results, which consider that
the PCE occurs only when a core electron (1s orbital) is
ionized. As we can observe, this approximation gives a better
agreement with experiments than EM-dir, which neglects any
postcollisional effect. However, for double ionization, this
approximation underestimates the experimental values by a
factor of 2 for the CDW-EIS (EM-CDW-EIS-1Au) calcula-
tions and 3 for the model of Rudd (EM-Rudd-1Au). Then,
the PCE associated with the ionization of the 2s orbital is
significant for Ne. We can observe from Table I that the
probability of PCE after ionization of the Ne 2s orbital is about
13%. Combined with the fact that the ionization cross section

FIG. 3. Cross-section ratio (double and simple and triple and
simple) for Ne by proton impact. Lines: present paper theoretical
results. Experimental values: blue closed circle [36]; black open
squares [35]; pink diamonds [37].

of the 2s orbital is much larger than the 1s case (typically by
a factor of 10 at high energies). Then, for triple ionization,
we observe that the actual contribution of the 2s ionization
to the PCE is more important than the obtained after the 1s
electron removal. Thus, considering only the 1s ionization is
not sufficient to reproduce the experimental results.

In Fig. 4 we display our EM-CDW-EIS-post and EM-
Rudd-post results together with that obtained by Spranger
and Kirchner [12] and by Montanari et al. [38] and Monta-
nari and Miraglia [39]. The former is performed for H+ in
Ne by solving numerically the time-dependent Schrödinger
equation using the basis generator method (BGM) and in-
troducing the PCE as in the present paper. The latter use
the CDW-EIS approximation to calculate the single-particle
probabilities required by the independent particle model with
initial (bound) and final (continuum) electron wave functions
expanded in products of spherical harmonics and radial wave
functions, obtained through the numerical solution of the ra-
dial Schrödinger equation. For the Ne case, they consider that
the Auger-like emission occurs only after K-shell ionization.
We can observe that for single ionization all the models are
in good agreement with experimental data. In the case of the
BGM results for MICS, the theory shows good agreement
with experiments for energies from 1 MeV. Discrepancies at
smaller energies could be related to the use of the IEM and
to the contribution of capture processes that dominates the
electron loss at energies under 100 keV for proton impact [40].
The results from Montanari et al. [38] for double and triple
ionizations underestimate the experimental data for energies
where the PCE dominates the electron emission. To correct
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FIG. 4. Ne MICS by proton impact. Theory: EM-CDW-EIS post:
black solid line; EM-Rudd-post: red dashed line; blue dot-dashed line
[12]; green short-dashed line [39]. Experimental values: blue closed
circle [36]; open squares [35].

this, they introduced the probability of shake-off processes to
describe the postcollisional contribution for double ionization
after 2s or 2p initial vacancy. This inclusion enhances all the
cross sections, reproducing well the experimental trend (line
indicated in the figure with an arrow). However, this treatment
cannot be extended to the other ionization degrees, and the
triple-ionization cross section underestimates the experimen-
tal data for energies from 1 MeV.

In Fig. 5 we show the EM-CDW-EIS-post results for He2+

impact on Ne as a function of ion energy, obtaining very good
agreement with experimental data for q = 1–3. In the same
figure are displayed the results from Montanari et al. [38] also
in good agreement with experimental data in the region where
direct multiple ionization dominates.

The MICS for O8+ (1-MeV/u) impact on Ne as a function
of ionization degree q are compared with experimental values
[41] in Fig. 6. As we can observe, the EM allows an excellent
agreement with experimental data. In particular, in this case,
the Bohr parameter is equal to 1.28 and then, no difference
between the EM-CDW-EIS-dir and the EM-CDW-EIS-post
is observed for ionization degrees up to q = 5. Clearly, the
postcollisional effect is a high-velocity effect associated with
inner-shell (1s, 2s) ionization. Another important remark is
that double ionization represents ∼35% of net ionization.

B. The H2O case

The theoretical MICS of water by ion impact obtained ap-
plying the EM-dir and EM postapproximations are presented

FIG. 5. Ne MICS by α-particle impact. Theory: EM-CDW-EIS-
post: black solid line; green short-dashed line [38]. Experiments:
black open squares [35]; pink diamonds [37].

in the next figures. The net-ionization cross sections (required
by the EM) for proton impact on vapor water, calculated
using the CDW-EIS-MO and the model of Rudd et al. [31]
are displayed in Fig. 7. Both models are in good agreement
with experimental data [6,42]. However, we observe that the
ionization cross sections for the 1a1 and 2a1 orbitals present
important differences. These differences will then affect the
postcollisional contributions to MICS.

Figures 8 and 9 show MICS for proton impact on vapor
water. Figure 8 shows the EM-CDW-EIS and the EM-Rudd
results for q = 1–3 in comparison with experimental values
[6]. For q = 1 and 2, both theoretical results considering PCE
are in very good agreement with experiments. For q = 2,
some differences between the EM-CDW-EIS-post and EM-
Rudd-post appear at high energies. These differences are
related to the 2a1 single ionization cross sections calculated
within the CDW-EIS-MO and the model of Rudd et al. [31]

FIG. 6. Ne MICS by oxygen ion impact of 1 MeV/u as a function
of ionization degree q. Theory: EM-CDW-EIS-post: black solid line;
EM-CDW-EIS-dir: red dot-dashed line. Experiments: red squares
[41].
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FIG. 7. Total net-ionization cross sections of H2O by proton im-
pact. Theoretical models: solid lines: CDW-EIS-MO; dashed lines:
the model of Rudd et al. [31]. Experiments: open triangles [42]; stars
[43]; open circles [6].

(see Fig. 7). As we can observe, EM-dir underestimates the
experimental data and does not follow the same extrapolated
trend.

We compare the EM with other more complex theoret-
ical calculations for the case of proton impact in Fig. 9.
The model developed by Gulyás et al. [44] allows the

FIG. 8. H2O MICS by proton impact. Theory: black solid line:
EM-CDW-EIS-post; blue dot-dashed line: EM-CDW-EIS-dir; red
dashed line: EM-Rudd-post. Experiments: open circles [6]; blue
triangles: [5].

FIG. 9. H2O MICS by proton impact. Theory: black solid line:
EM-CDW-EIS-post; blue dot-dashed line: EM-CDW-EIS-dir; green
circle line: [44]; pink triangle line: [14]; red cross line: [15]. Ex-
periments: black open circles: [6]; blue triangles: [5]; stars: [43];
net-ionization cross sections: open squares [45].

calculation of direct MICS into the IEM using CDW-EIS
probabilities and considering the molecular geometry con-
figuration during the collision. This model also allows the
calculation of electron capture cross sections. However, the
PCE was not included. As we can observe, the results for
double ionization are in good agreement with our EM-
CDW-EIS-dir results. Other calculations were performed by
using the nonperturbative BGM [14] to calculate charge-state
correlated cross sections for single- and multiple-electron
removal processes (capture and ionization) in proton-H2O
collisions. Results for q = 1 and 2 are in good agreement
with experiments and with the theoretical EM and CDW-
EIS results. However, as this model does not incorporate
postcollisional emission, we expect that MICS will follow
the EM-dir trend. Double-ionization cross sections calculated
by using the first Born perturbative approach [15] are also
included in this figure. This theoretical model involves in-
formation about the molecular geometry and the energy of
the emitted electrons. The double ionization is described as
a shake-off mechanism where after a single-ionization pro-
cess a second electron is emitted from a relaxation process
from the sudden change in the interaction potential. Accord-
ing to the authors, this approximation is equivalent to Auger
emission. However, the direct ionization of the core electrons
(1a1 orbital) was not taken into account in the calculations.
As we can see, the results from this method do not follow the
experimental trend. Another point to highlight: the complexity
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FIG. 10. Liquid-water model MICS by proton impact. Theory:
black solid line: EM-CDW-EIS-post; green dot-dashed line: EM-
CDW-EIS-1Au.

of this theoretical development avoids the possibility to extend
the model to calculate higher multiple-ionization degrees.

In order to compare the EM-CDW-EIS-post and EM-
CDW-EIS-1Au for proton impact on liquid water, we plot the
results in Fig. 10. As we can observe, the EM-CDW-EIS-1Au
underestimates double-ionization cross sections by a factor
smaller than 2 for energies up to 100 MeV. If we do not
consider PCE, the differences are higher than one order of
magnitude for energies over 10 MeV. Then, considering the
contribution of one postcollisional Auger emission after
the 1a1 ionization in the Monte Carlo codes used for studying
the biological effects of swift ions gives a good approximation
for proton impact. In the case of higher charged ions, the PCE
contribution after the 2a1 ionization should be considered.

Previous works showed the relevance of including MICS
of water molecules in ion-track Monte Carlo codes to study
the biological effects of swift ions [7,8,11,46,47]. However,
as explained in the Introduction, more research was needed.
In Fig. 11, double- to single-ionization cross-section ra-
tios for proton and carbon ion impact are presented. Our
EM-CDW-EIS-post results show excellent agreement with
experimental values for proton impact on water vapor [6],
however, EM-CDW-EIS-dir results underestimate the exper-
imental values just as we expected. The theoretical results
obtained by Champion [46] are included in this figure. In
the work of Champion [46], the MICSs were obtained us-
ing a semiempirical model, based on a combination of the
semiclassical statistical approximation, the statistical energy-
deposition model, and the local-density approximation. To do
that was introduced one adjustable parameter whose value

FIG. 11. Double- to single-ionization cross-section ratios for
proton- and carbon-ion impacts on liquid water. Theory: black solid
line: EM-CDW-EIS-post; blue dot-dashed line: EM-CDW-EIS-dir:
red line with crosses: [46]; cyan line with open circles: [11]. Experi-
ments: black open circles [6].

was obtained by extrapolating the experimental double- to
single-ionization cross-section ratios for heavy-ion impact
on other media, such as Ne, CO, and Ar (because were no
results corresponding to water). Then, the author concluded
that the double- to single-ionization cross-section ratios [in
function of the projectile energy (in MeV/amu) divided by
the projectile charge] is independent of the medium and the
projectile ion charge. The results show good agreement with
our EM-CDW-EIS-post for the case of carbon ion impact at
energies up to 10 MeV/amu. However, overestimate largely
the experimental data for the case of proton impact by a factor
of 3.

Meesungnoem and Jay-Gerin [11] developed a particle-
track Monte Carlo code to investigate the effects of multiple
ionization of water molecules on the yields of formation of
free radical and molecular species in the radiolysis of liquid
water by ion impact. In that work, MICSs were included as
adjustable parameters to reproduce experimental values of
molecular oxygen radiolytic yields. The Monte Carlo also
introduced other approximations (i.e., the energies of the
emitted electrons after the direct multiple-ionization events
were fixed) that could affect the results for radiolytic yields,
contributing to the uncertainties in the MICS obtained. The
PCE was introduced as in the 1-Au approximation described
before; then, the results presented by the authors correspond
to direct multiple-ionization cross sections. As we can observe
in Fig. 11, for proton impact the results underestimate the
experimental values and our EM-CDW-EIS-dir predictions,
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especially at the higher energies considered. For carbon ions,
the results show a different trend in comparison with our
EM-CDW-EIS-dir theoretical predictions. However, the con-
clusion from that work that MICS depends on the ion charge
is also observed in the present paper. For the case of proton
impact on liquid water, double ionization represents 1% of the
ionization processes at energies higher than 1 MeV. However,
when the projectile charge increases, the MICS contribution
to electron emission also increases, reaching values over 20%
for energies in the region of maximum dose deposition for
carbon ions. Thus, a good description of these cross sections
is relevant for biological effects studies.

IV. CONCLUSIONS

We presented a simple theoretical model which allows
calculating in a very fast or speedway the MICS for ion
impact on Ne and Ne-like molecules, in the present case H2O.
This model, developed in the independent electron model
framework, use multinomial statistic with single-ionization
probabilities calculated as analytical exponential functions.
The exponential function’s parameters are obtained from total
net-ionization cross sections corresponding to each molecu-
lar or atomic orbital provided by theoretical calculations or
experimental values. In the present paper, the net-ionization
cross sections are calculated using the CDW-EIS and the

model of Rudd et al. [31], assuming a single-center charac-
ter of the molecules. The multiple-ionization model includes
the contribution of postcollisional Auger, Coster-Kronig, and
shake-off emission to the MICS, using the measured Ne
post-photoionization electron emission. The results show
remarkable agreement with experimental data, despite the
simplicity of our model for proton and other light ions. This
paper allows us to understand the importance of considering
the PCE not only after K-shell ionization, but also after 2s
ionization. Its implementation in particle track Monte Carlo
codes would definitely be helpful to study the damage in
biological tissues induced by swift ion impact not only by
that used in hadrontherapy treatments, but also for that present
during long-term space travels.
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