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Abstract

Electron capture from molecular targets impacted by swift ions, H*, He?*, Li** and C%*, is
investigated in the framework of the quantum-mechanical continuum distorted wave-Eikonal initial
state model. Biological molecules considered are nitrogen, methane, carbon monoxide, carbon
dioxide and water. In particular, for water, the calculation of the corresponding cross sections plays
a fundamental role for the determination of energy deposition in biological matter. A detailed
analysis on the contributions coming from different molecular orbitals to total cross sections (TCS)
are discriminated as well as those of capture to fundamental and excited projectile states. A good
agreement with measurements is found for cases where experimental data exist. For other systems,

the theoretical results here reported are useful for the prediction of the corresponding TCS.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The investigation of electronic reactions involved in collisions
between ions and molecules are of relevance in many areas like
plasma physics, astrophysics, medical physics and radio-
biology. In particular, in radiation biology, single electron
capture and single electron ionization processes are the main
mechanisms leading to energy loss for swift ions penetrating the
living matter at medium and high impact energies. In recent
years, theoretical research on these reactions was focused on
biological targets, like water and DNA components, by using
different perturbative quantum-mechanical [1-4] and classical
models [5-10]. In particular, two of the perturbative methods,
the first Born approximation with correct boundary conditions
(CB1) [11] and the continuum distorted wave-Eikonal initial
state (CDW-EIS) [3, 4], were used to investigate electron
ionization of targets like water molecule, by impact of H™,
He?", C®" and O®" beams for which experimental data is
available [12-15]. On the other hand however, only a few
works were presented in the literature about electron capture
process by ions from molecular targets in the framework of
quantum-mechanical models. In fact, previous studies mainly
concern electron capture from molecules interacting with pro-
tons [16]. Regarding biological targets, like water molecule and

0953-4075/18,/165201+15$33.00

the nucleobases of the DNA, impacted by He?" and C®" ions,
they were theoretically studied using the classical trajectory
Monte Carlo [5, 6, 17, 18]. Also, a non-perturbative theory was
employed to investigate electron emission in water molecule
impacted by proton [19, 20] and He' ion [21]. In the same
framework Gabas et al studied ionization and electron capture
process for H,O and CO molecules impacted with H, He*"
and C>" [22]. In the recent work of Luna el al [23] the electron
emission from water molecules impacted by Li*" was studied
both in the coupled channel TC-BGM model and experimen-
tally, finding that the results were in good agreement with the
measurements. Even more recently, Quinto el al [24] calculated,
within quantum-mechanical models, both electron capture and
ionization total cross sections (TCS) by different ions impacting
on molecules of biological interest.

In the present work, we focus our research on single
electron capture using the CDW-EIS approximation. Our
proposal is to investigate the behavior of molecular targets as
N,, CH,4, CO, CO, and H,0, interacting with H", He*", Li**
and C®" ions beams. These molecules are of biological
interest since they are usually considered as the simplest
components of organic structures. In a previous work the
electron capture reaction from these molecular targets was
investigated [16], in the case of proton impact considering

© 2018 IOP Publishing Ltd  Printed in the UK
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only charge exchange to the Is state and estimating the
contribution of excited states to be of the order of 20% [25].
The aim of the present work is to determine the influence of
capture to excited projectile states for the four ion beams
considered, and also to establish the contribution of each
molecular orbital to the TCS.

2. Theory

Let us consider an incident bare nucleus of charge Z,
impinging on an atomic target with a velocity v. The impact
velocities involved are high enough, to consider that the
vibration and rotation times of the molecule are much larger
than the characteristic collision one. It is then possible to
assume that the molecular nuclei remain fixed in their initial
positions during the reaction. The multi-electronic collision
problem, may be 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 in an effective mean field of the residual target. This
approximation was first formulated, with success to study
electron capture for the case of atomic targets [26] and then
extended to molecular targets [27]. Later on it was applied for
electron ionization of atomic and molecular targets [28, 29]
(see also [30, 31] for general reviews). In the independent
electron model and considering that there is just one active
electron, the multi-electronic Hamiltonian can be reduced to:

Hy = —%VZ V@) + V) + Vs(R), (1)

where x, (s) is the active electron coordinate in the target
(projectile) reference frame, V- (x) is the target potential which
takes into account of the interaction of the active electron with
the corresponding nucleus and the passive electrons,
Vp(s) = —Zp /s is the interaction between the bare projectile
and the active electron, and Vg(R) is the interaction of the
projectile with the target nucleus and the passive electrons.
The V5 (R) potential depends only on the inter-nuclear coor-
dinate R and thus, within the straight-line version of the
impact-parameter approximation gives rise to a phase factor
which only affects the projectile scattering [26, 28]. Hereafter,
as we are not interested on the projectile angular distribution,
we will not consider this term. We perform the calculations
by means of the CDW-EIS approximation that was first
introduced by Crothers and McCann to study the single
ionization of H by bare-ion impact [32]. The CDW-EIS
approximation was proposed to improve the large over-
estimation of the TCS, at intermediate impact energies,
obtained within the CDW model [33], which was originated
by the lack of normalization of the distorted wave functions in
the initial channel. Using the same argument, the CDW-EIS
approximation was introduced to investigate electron capture
[34]. This approximation solves the above mentioned pro-
blem, both for ionization and electron capture and exhibits, in
general, a very good agreement with existing experimental
data for differential and TCS. For the sake of simplicity, we

Table 1. Population and binding energies of the CH, molecular
orbitals.

Binding energy

Molecular orbital  Population g (a.u.)
Cis 2.0 Cy —10.68
2al 1.133 Cys + 0.867 Hy; —0.84
12 3.399 Cyps + 2.601 Hyg —0.46

Table 2. Population and binding energies of the N, molecular
orbitals.

Molecular orbital Population Binding energy ¢; (a.u.)
Nig 4.0 Ny —15.06
0 28 2.0 Ny —-1.37
oy 28 2.0 Nog —0.68
Ty 2P 4.0 Ny, —0.62
0y 2p 2.0 N, —0.57

present the CDW-EIS approximation in case of an atomic
target, since we choose to describe the molecular orbitals by
linear combinations of atomic wave functions. CDW-EIS is
the first-order of a distorted wave series in which the initial
and final distorted waves in case of capture are proposed as:

X; (.8, 1) = B (x, 1) LI (5), )
X, 8, 1) = Qui(s, 1) L(x). 3)
The initial and final distorting functions are defined as:
L7 (s) = exp[—ivp In(vs + v.5)], 4)
L(x) = N@r)F [—ive; 1; —i(vx 4 v.x)]. 5)

In equations (2) and (3), n, m, I and n’, m', I’ are the
quantum numbers that characterize the initial and final states
respectively. Also, in equations (4) and (5), vp = Zp/v, and
vr = Zr /v, being Z; an effective target charge. This charge is
chosen in correspondence with the energy of each initial atomic
orbital, as Zy = +/—2nZ%¢;, where ¢; is the corresponding elec-
tron energy. In the case of a molecular target, the ¢; electron
energy is selected as the one of each one of molecular orbitals.
Moreover, in (5), N(vr) = I'(1 — ivy)exp(wvr/2) is the
normalization factor of the F; confluent hypergeometric
function. Besides, the ®,;, and @,/ time-dependent wave
functions corresponding to the initial and final states, are
given by:

Dui(x, 1) = §}™ (x)exp[—igit], 6)
Dyp(x, s, 1) = qﬁ'}’l,m/(s)exp[—ieft + ivx — i%vzt], @)

where gb;'lm(x) is the time independent initial bound wave
function and d);’cw’”/ is the corresponding hydrogenic function
with charge Zp describing the final bound state. Also,

g = —Z2/(2n'?) is the final projectile orbital energy.
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Table 3. Population and binding energies of the CO molecular orbitals.

Molecular orbital ~ Population Binding energy ¢; (a.u.)
(02 2.0 Oy —19.92
Cys 2.0 Cys —10.87
lo 1.207 Oy + 0.178 Oy + 1.2074 Cyg + 0.178 Cyp —1.41
20 0.627 Oy + 0.985 Oy + 0.386 Cy + 0.002 Cy, —0.74
Im 2.980 Oyp + 1.020 Cy, —0.63
30 0.026 Oy + 0.085 Oy + 0.776 Cys + 1.113 Cyp —0.53

Table 4. Population and binding energies of the CO, molecular orbitals.

Molecular orbital ~ Population Binding energy ¢; (a.u.)
Oy 4.0 Oy, —19.87
Cis 2.0 Cys —10.93
30, 1.278 Oy + 0.164 Oy, + 0.558 Cy —1.46
20, 1.306 Oy + 0.130 Oy, + 0.564 Cyy —1.38
4o, 0.594 Oy + 1.026 Oy, + 0.380 Cyy —0.71
30, 0.544 Oy + 1.120 Oy, + 0.336 Cy, —0.66
17, 2.492 Oy, + 1.508 Cyp, —0.65
Img 4.00 Oy, —0.51

The prior version of the transition amplitude for electron
capture within CDW-EIS approximation can be written as:

+00

Ay(p) = —i f (x| [(Hez—i%)lxﬁ]- ®)

—00

By employing the Fourier transform, the .«/;(p) can be
expressed as a function of the transverse momentum transfer 7:

Rym) = [ dp explip. m) 7 5(p). ©)
Finally, the TCS for electron capture is obtained as:

or = [an RyaP. (10)

The analytic expressions of the scattering amplitude R (1)
for atomic orbitals were reported by Martinez and co-workers
[34]. The different final states of the projectile, characterized by
the quantum numbers n'l’m’, are obtained by applying the
derivative operator <%,,, upon a generating function
(0, w, r), which was previously used in the case of electron
excitation of hydrogenic atoms by impact of bare-ions ([35]; see
also [36] for electron capture).

The description of the different initial ground state
molecular orbitals are assumed to be obtained by linear
combinations of their atomic compound orbitals (LCAOs).
The corresponding binding energies are computed employing
a self-consistent field method (MO-LCAO-SCF), whereas a
complete neglected of differential overlap (CNDO) approx-
imation is employed for the effective occupation electron
analysis of the different molecular orbitals [37]. The LCAO
description of the different molecular orbitals were taken out
from [38] for N, from [39] for CH,, from [40] for CO, from
[41] for CO,, from [37] for H,O. Thus, the TCS involved in

Table 5. Population and binding energies of the H,O molecular
orbitals.

Binding energy

Molecular orbital ~ Population g (au.)
lal 2.0 Oy, —19.84
2al 1.48 Oy + 0.52 Hy; —1.18
1b2 1.18 Oy, + 0.82 Hy —0.67
3al 0.22 Oy + 1.44 —0.54

Oy + 0.34 Hyg
1bl 2.0 Oy, —0.46
its LCAO description, is given by:

N N
0 =20 Cij%u, (11)

i=1j=1

with N the number of molecular orbitals and N; the number of
atoms that describe each molecular orbital. o, ; refers to the
atomic orbital TCS involved in its LCAO description.
Besides, c;; refers to the corresponding atomic effective
occupation electron numbers. The different ground state
atomic orbitals are describe using Roothaan—Hartree—Fock
atomic wave functions [42].

In previous works, different descriptions of the mole-
cular ground state have been used in order to analyze their
influences on total and differential cross sections. For
example, Galassi and co-workers have studied the electron
capture process for the same molecular targets here pre-
sented, impacted by protons [16]. In that work, they used
two different initial molecular descriptions: Bragg’s rule and
LCAO, and no significant difference in the TCS has been
reported. Additionally, in 2014, Tachino et al investigated,
among others, the influence of the description of the initial
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Figure 1. Cross sections calculated with CDW-EIS for single electron capture from N, molecule by different bare-ion impact as a function of
the incident projectile energy: contribution of the initial states. Experimental data: H*: stars Barnett et al [45], squares Rudd et al [46], circles
Toburen et al [47], pink dashed line fitting formula Rudd er al [46]; He®™: triangles Barnett et al [45], squares Rudd et al [48]; Li*™

hexagons triangles Nokilaev ef al [49].

target ground state, in the framework of the CDW-EIS
approximation for ionization of water molecules interacting
with ion beams [3]. As they have shown, only small dif-
ferences are found when double differential cross sections
are calculated using a CNDO or a more elaborated molecular
mono-centric Moccia description of the initial ground state
of water [43]. More recently, Gulyés et al have investigated
ionization and electron capture from water molecules
impacted by protons [44]. In their work, two different

representations of the initial ground state of the water
molecule were employed. One that takes into account the
geometrical distribution of the molecule where the inter-
nuclear distance between H and O atoms was considered,
and a second one corresponding to a CNDO description.
They asserted that there is no influence of the two different
descriptions in terms of TCS for both reactions. Supported
by these results, in the present work, we have decided to use
by simplicity the CNDO approximation.
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Figure 2. Cross sections calculated with CDW-EIS for single electron capture from N, by different bare-ion impact as a function of the

incident projectile energy: contribution of the final states.

In tables 1-5 the corresponding electronic population and
the binding energies for the investigated molecules are
reported.

3. Results

In this section, we report the TCS for single electron capture
from N,, CHy4, CO, CO, and H,O molecules impacted by ion
beams, namely H™, He*™, Li** and C®", calculated within the
prior version of the CDW-EIS approximation. In figures 1, 3,

5,7 and 9, we show for each molecule the contribution to the
TCS of the different molecular orbitals. And, in the figures 2,
4, 6, 8 and 10, we present, for a given molecule, the
contribution of capturing to hydrogenic projectile states with
principal quantum number ranging from n = 1to n = 6.

In figure 1 the case of N, is analyzed. As charge
exchange is a momentum transfer reaction it is well known
that for atomic targets the process is preferable as the collision
velocity approaches the mean velocity of the orbital electron
one. Thus, for all the considered projectiles, at low-inter-
mediate impact energies the contribution of the two outer
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Figure 3. Cross sections calculated with CDW-EIS for single electron capture from CH, by different bare-ion impact as a function of the
incident projectile energy: contribution of the initial states. Experimental data: H": stars Barnett et al [45], squares Rudd et al [46], circles
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orbitals (which present comparable orbital energies) dom-
inates the TCS. In particular, the preferable contribution from
the m,2p orbital must be attributed to the fact that its occu-
pation number is 4 whereas 0,2p is occupied only by two
electrons. The o,2s and 0,2s orbitals, which present a Ny
character, contribute in a similar way over all the collision
energy range here considered. As the impact velocity
increases the situation is reversed, dominating thus the inner
orbitals. At enough high collision energies, the deepest orbital
of the molecules gives the largest contribution to the TCS.
This effect appears to be more noticeable as the projectile

charge increases. It should be also noted that electron capture
TCS from the most bound orbital presents maxima at impact
velocities of the order of the orbital velocity, not depending
on the projectile considered. The present theoretical cross
sections are in good agreement with the existing experimental
data for proton, alpha and Li’" ions.

In figure 2, the contribution from all target orbitals to
projectile states with different principal quantum number # is
discriminated. In general, the capture to n = 1 dominates the
TCS, decreasing the contribution as n increases. However, in
the low-intermediate collision energy, namely below a few
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hundreds of keV/amu, this regular behavior is lost as the
projectile charge increases, and the curve corresponding to the
ground state shows a maximum, crossing the curves
corresponding to outer projectile stats.

In figure 3, the case corresponding to the CH4 molecule
is presented. Having only three molecular orbitals, the effect
of the dominance of TCS by less (more) bound orbitals at
intermediate-low (high) impact energies is put in evidence.
Again, the TCS corresponding to the most bound molecular
orbital present maxima at approximately the same collision

energies, independently of the projectile considered, except
for the case of C°" impact. A good agreement with exper-
imental data for proton and alpha particle impact is found.
In figure 4, where the contribution of capture to TCS
from all molecular orbitals to states with different principal
quantum number is discriminated, a similar behavior as for
the N is obtained. Thus, charge exchange to the ground state
dominates at high enough collision velocities for all pro-
jectiles considered, decreasing its contribution as n increases.
Again, at low-intermediate energies the contribution of
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Figure 5. Cross sections calculated with CDW-EIS for single electron capture from CO by different bare-ion impact as a function of the
incident projectile energy: contribution of the initial states. Experimental data: H: stars Barnett et al [45]; diamond Rudd et al [46], circles
Toburen et al [47], pink dashed line fitting formula Rudd et al [46]; He?*: squares Rudd et al [48].

capture to n = 1 strongly decreases, in such a way that TCS
are dominated by the less bound electrons.

In general, the behaviors found for N, and CH, are also
observed for the other three molecules investigated (see
figures 5-10). In particular, for carbon monoxide and car-
bon dioxide (see figures 5 and 7) the two most inner orbitals
(which present O5 and C;, atomic characters) show TCS
maxima, the one corresponding to C,s at lower collision
energies than the one for Oy, according to the electron
mean velocity of these atomic states. We must note that
these molecular orbitals have corresponding bound energies

of the same order, which are much larger than the ones of
the outer states. This is in contrast with what happens for all
the other molecular targets considered, which present a
mono-centric character with only one orbital much more
bound than the other ones and so only one peak is found.
The maxima of outer electrons, which could be expected to
appear at lower impact energies, are not found in the energy
range considered. For the CO and CO, molecules a general
good agreement with measurements is obtained for proton
impact. In both cases, the comparison with experimental
data for alpha particles appears as difficult considering the
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Figure 6. Cross sections calculated with CDW-EIS model for single electron capture from CO by different bare-ion impact as a function of

the incident projectile energy: contribution of the final states.

scarce number of measurements, available only at low
velocities. In some cases, the n-state partial cross sections
intersect among them, resulting in a reordering of dom-
inance of their contribution to the TCS.

For the CO molecule, the fact that the 17 orbital governs
the 30 one at enough low collision energies, being the elec-
trons less bound for the 17 state, can be explained, as it has
been done for N, by the occupancy number of electrons of
each one of these orbitals. We can see in table 3 that the

occupancy number is equal to 4 in the first case and to 2 in the
second one.

We should remark that for all the five studied molecules,
the present theoretical prediction exhibits a good agreement with
the experimental data for the case of proton impact. A good
agreement is observed for the CH, molecule impacted by He*",
see figure 3. For the N, molecule, some overestimation of
measurements is obtained at low-intermediate collision energies
for the case of He*" and Li*" ions impact, see figure 1. The
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same discrepancy in the low energy range, namely, below
200 keV amu ' is observed for the case of CO, CO, and H,O
molecules impacted by He*", see figures 5, 7 and 9. Whereas,
for the collisional system Li** on H,O0, the theoretical results
are in accordance with the experiments for energies above
200keV amu~', see figure 9.

In figures 1, 3, 5, 7 and 9, we report a comparison with the
TCS obtained with a fitting formula proposed by Rudd et al
[46]. The analysis has been done for the case of proton

10

projectile for the presented molecular target, except for the
water molecule where the fitting formula proposed by Rudd
et al [52] was used. In general, we observe an agreement of
these results, obtained with the fitting formula, both with the
experiment data and the theoretical CDW-EIS results for the
incident energy less than a few hundred keV. Beyond these
energies, the results overestimate both the experimental data
and the present CDW-EIS calculations. Only for the case of
CO, molecule, see figure 7, the fitting formula gives a good
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Figure 8. Cross sections calculated with CDW-EIS model for single electron capture from CO, by different bare-ion impact as a function of

the incident projectile energy: contribution of the final states.

estimation of the TCS, which is in agreement with both
experimental and present theoretical results in almost all of
considered energy range. For the H,O molecule, see figure 9,
the theoretical results computed with CDW-EIS-MO approx-
imation by Gulyas et al [44] was reported. In general; in the all
presented energy range, the present CDW-EIS and the CDW-
EIS-MO results are close to each other.

It is interesting also to analyze the cross section ratio of
the capture process for a projectile of charge Z, to determine
deviations from the Z]f -scaling law of B2 (second-order

11

Born approximation) [53], valid for 1s—1s transitions at
very high non-relativistic energies. We must note that at the
higher energies here presented this is the dominant trans-
ition. The results presented in figure 11 are only for the
water molecule target, since a similar behavior was
observed for the other investigated molecules. The cross
section ratio shows a strong deviation from the B2 law that
increases as Z, increases. Just for illustration, the energies
considered go to very high impact ones, where relativistic
effects should be taken into account. It is interesting to
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note that deviations are still observed at these very high
energies.

Moreover, we have analyzed the cross section ratio of the
capture cross sections with respect to the number of the target
electrons. The results are depicted in figure 12, where only the
case of He*" projectile was investigated, since for the other
projectiles a similar trend was observed. The TCS of each
investigated molecule have been normalized by the corresp-
onding number of electrons. As a result, all the normalized
cross sections overlap one to each other in all the presented
energy range. However, some negligible discrepancies are

12

observed for the case of the CH, molecule. A similar result
was reported for the case of both ionization and electron
capture processes for water and DNA nucleobases impacted
by proton [54].

4. Conclusions

In the present work, theoretical TCS for single electron cap-
ture by H", He*", Li** and C®" ions in N,, CH,, CO, CO,
and H,0 molecules are reported for impact energies ranging



J. Phys. B: At. Mol. Opt. Phys. 51 (2018) 165201

M A Quinto et al

10°
10" |

10° |

-
<

TCS (107" cm?)
2

107 E

10°

101 .

LELRALLL. B LR AL, IR LL IR ALLL) IR U

T T T T T T

EEETI

PEERETIT B AT B AN TTT ST B AT AT BTSRRI BETETRTTTTT B S R AT BEArReTT |

PRI |

O
\-"\‘\ c»‘.v\“
oo 8%
\.._ . :
\.'-.“ .0
1au’ls

sl

1ol " P S e |

10 Ll

10? 10°

Incident energy (keV/amu)

10° 10°*

Incident energy (keV/amu)
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from 50keV amu ' to 30 MeV amu'. The collisional pro-
cess has been described by means of the prior version of the
CDW-EIS model. The theoretical results have been compared
when possible with existing experimental data. Besides, for
the different collisional systems we have analyzed the influ-
ence of the higher excited state of the projectiles, from prin-
cipal quantum number n =1 to n = 6, to the TCS. It is
interesting to note that the present results for molecular targets
show that capture to the ground state of the projectile dom-
inates the TCS, even for the case of multiply charged ion
impact, at enough high collision velocities. It is an indication
that for these energies the capture reaction is dominated by

13

close encounters with of the nuclei of the heavier nuclear
compounds. Also, the contribution of each molecular orbital
to the TCS has been reported. In general, in the low-inter-
mediate energy range, the dominant contribution to TCS is
ordered from less bound to more bound orbitals. This beha-
vior is reversed as the collision energy increases, according to
minimize momentum transfer. It appears as very important
the development of new experiments for which scarce data
exist for the cases here analyzed. They will be useful for
dosimetry codes employed in radiotherapy. It is expected that
the theoretical predictions here presented could partially cover
this lack of measurements.
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