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ABSTRACT
We have investigated Interparticle Coulombic Electron Capture (ICEC) using an ab initio approach for two systems, H+ + H2O and
H + H2O+. In this work, we have determined the contribution of virtual photon exchange and electron transfer to the total ICEC cross
section as a function of the distance between the charged and neutral particles. Furthermore, we have shown that the relative orientation of
the electron acceptor and neighbor systems affects the magnitude of the ICEC cross sections by at least two orders at relatively small distances.
This geometry dependence, present even for distances as large as 10 a0, is due to the electron transfer contribution. The relative magnitude of
each contribution to ICEC seems to depend on the system studied. By replacing the projectile electron with a positron, we have confirmed that
electron transfer also takes place in positron collisions and that the charge of the projectile has a noticeable effect on the process, particularly
at low scattering energies.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0203795

I. INTRODUCTION

Interparticle Coulombic Electron Capture (ICEC) is an envi-
ronment enabled process1 that takes place when an electron is
captured by an atom, a molecule, or a quantum dot; the excess
energy is then released, leading to the ionization or excitation of a
nearby particle. The process was first predicted and quantified using
an analytical approach that provides reliable cross sections when the
electron acceptor and neighbor systems are far apart.2,3

Electron capture plays an important role in a number of applied
science areas, from plasma physics to biology. As with all processes
initiated by a free electron, gas phase (and the theoretical equiva-
lent, isolated target) studies significantly outweigh those where the
target/acceptor is embedded in an environment. However, many of
the applied areas of interest, in particular radiation interaction with
biological matter,4 involve condensed or loosely bound systems. The
importance of ICEC in these areas is not yet understood, but since
the process leads to both changes in the species present and, in the

case of ionization, a change to the kinetic energy distribution of elec-
trons, it has the potential to significantly affect, for example, energy
deposition.

In addition to the transfer of a virtual photon, the same colli-
sion induced outcome is achieved if the transfer of an electron takes
place. In the former, the acceptor captures the electron and emits the
virtual photon, while in the latter, it is the environment that provides
the electron and no capture of the projectile electron takes place.
These mechanisms are labeled “direct” and “exchange,” respec-
tively, in the original ICEC publications.2,3 The two mechanisms are
shown schematically in Fig. 1. Cross sections calculated with our
approach model both contributions, and we will refer to them, for
simplicity, as total ICEC cross sections, even when one contribution
dominates.

These two contributions have also been identified in Inter-
atomic Coulombic Decay (ICD), another of a family of pro-
cesses that involve the transfer of energy and/or charge between
atoms/molecules through Coulombic interactions.5 In ICD, as one
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FIG. 1. Schematic depiction of the virtual photon exchange (left) and electron trans-
fer (right) processes for H+ + H2O. The blue dots are electrons, and the arrows
indicate an electron attached from, emitted into or moving in the continuum (blue),
an electron moving between bound states (yellow), and a virtual photon (green).
See the text for more details.

would expect, the charge exchange is predominant when the dis-
tance between the involved particles is shorter, whereas the virtual
photon transfer dominates at longer distance.6 The two contribu-
tions can be experimentally distinguished for certain systems in the
case of ICD.7–9

In this work, we have performed ab initio ICEC cross section
calculations to investigate the dependence of the two contributions
on the distance between particles and their relative orientation. We
have studied ICEC as a function of R, the distance between the
acceptor and its neighbor for two processes:

● e− +H+ +H2O→H +H2O+ + e− ICEC-P
● e− +H +H2O+ →H+ +H2O + e− ICEC-W

with the initial cation and the neutral system in their respective
electronic ground state. Calculations have been performed for two
C2v geometries (shown in Fig. 2). The equilibrium geometry of the
ground state of H2O has been used in all calculations. In the rest
of this article, we use the following notation: H2O–H denotes the
geometry with H(+) on the O side of water (left image in Fig. 2),
and H–H2O denotes the geometry with H(+) on the H2 side of water
(right image in Fig. 2).

We have used the R-matrix method for low-energy lepton
scattering10,11 as implemented in the UKRmol+ suite12 to perform
our calculations. The method has been applied before to the study
of ICEC,13–15 including the process labeled ICEC-P, for the H2O–H
geometry only. We have performed calculations both including
and excluding exchange between the projectile and the target (see
below) in order to differentiate the electron transfer and virtual

FIG. 2. Two geometries used in the calculations. Left: H2O–H; right: H–H2O.

photon exchange processes. We have also performed electron trans-
fer calculations with a positron as the projectile: these calculations
show that the charge of the projectile influences the electron trans-
fer cross sections but has a smaller effect as the projectile energy
increases.

A very recent review1 summarizes the current understanding
of ICEC; we note that at the moment, there is no experimental
confirmation of the processes.

II. THE R-MATRIX METHOD
The R-matrix method is a well-established computational

approach for the study of low energy electron–molecule/small clus-
ter scattering. The method is usually applied, as it is here, within
the fixed-nuclei approximation: the nuclei are assumed to be fixed
in space while the electronic process takes place. Both elastic scatter-
ing and electronic excitation, as well as resonance formation, can be
studied. In the case of ICEC, the final state of the system corresponds
to electronic excitation channels. The UKRmol+ suite can also be
used to study low energy positron scattering with molecules (see, for
example, Refs. 16 and 17), where there is no exchange between the
projectile and the target electrons.

The details of the method can be found elsewhere,10,11 so we
only briefly outline it below. The main idea of the approach is the
division of space into two regions separated by a sphere defined by
the R-matrix radius. In the inner region, exchange (if applicable)
and correlation are crucial and the wavefunction for the system is
expanded using a close-coupling approach,

ΨΓ
k(x1, . . . , xN+1) = 𝒜

nb

∑
i=1

nc,i

∑
j=1

Φi(x1, . . . , xN)γij(xN+1)aijk

+
m

∑
i=1

χΓ
i (xi, . . . , xN+1)bik. (1)

Here, xi denotes the spin and space coordinates of the electron i
and Γ denotes a specific irreducible representation. The functions
Φi(x1, . . . , xN) describe the target electronic states and γij are con-
tinuum orbitals describing the projectile. The operator 𝒜 ensures
antisymmetrization of the wavefunctions when required; like Φi, the
L2 functions χΓ

i , which describe the short range correlation, are built
as antisymmetrized products of bound molecular orbitals. The coef-
ficients aijk and bik are determined through the diagonalization of
the Hamiltonian matrix in the inner region.

In the outer region, the projectile is distinguishable from the
target electrons and correlation is negligible. The wavefunction for
the system has a simpler expression and can be obtained from solv-
ing a set of coupled differential equations. The ΨΓ

k(x1, . . . , xN+1) and
their eigenvalues are used to build an R-matrix at the boundary
between the inner and outer regions. The R-matrix is then used as
boundary conditions to solve the outer region problem using a prop-
agation technique. The solutions are matched to known asymptotic
expression from which scattering matrices can be obtained. From
these, the integral cross sections are determined.

A. Computational details
Using previous target models15 as a starting point, we improved

the target wavefunctions Φi(x1, . . . , xN) to ensure the correct order
of the states at a large distance R. The best set of excitation thresholds

J. Chem. Phys. 160, 204306 (2024); doi: 10.1063/5.0203795 160, 204306-2

© Author(s) 2024

 31 M
ay 2024 11:15:29

https://pubs.aip.org/aip/jcp


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

for the states of interest were obtained using the cc-pVDZ basis set,
Hartree–Fock orbitals (calculated with MOLPRO18), and a complete
active space model with an (8,9) active space. Therefore, in our cal-
culations, the 1a1 orbital is frozen and 2a1, 1b2, 3a1, 1b1, 4a1, 5a1, 6a1,
2b2, 7a1 are active orbitals. Molecular orbitals 4a1 and 6a1 roughly
correspond to the 1s and 2s orbitals on H/H+.

The 20 states [nb = 20 in Eq. (1)] included in the scattering
calculation are listed in Table I. Comparison of the energies for
R = 25 Å with the asymptotic ones shows that accurate excitation
thresholds. For higher states, the thresholds are at least 2 eV too big.
For this reason, we only present results up to 7 eV.

The R-matrix radius was set to 20 a0. Only B-spline orbitals12,25

were used to build the continuum orbitals γij: 20 per l, with lmax = 6,
of order 6. The highest partial wave included in the Legendre expan-
sion of the integrals12 was set to 85 for the one-electron and 30 for
the two-electron ones.

Since rotation and vibrational motion are neglected in this
study, ICEC is the only possible process, apart from elastic scatter-
ing, in the energy range of the calculations for ICEC-P. In the case of
ICEC-W, the electronic excitation of H2O+ and dissociative recom-
bination are also possible. The former is included in our calculations
but the latter is not.

B. Separating the electron transfer contribution
In the UKRmol+ suite, it is possible to switch off the

exchange between the projectile and the electrons of the target. This

corresponds to removing the antisymmetrization operator from
Eq. (1), and it is carried out in practice by setting the contributions to
the inner region Hamiltonian matrix that arise from particle indis-
tinguishability to zero. This has been implemented to study positron
scattering. In addition, in order to run positron calculations, one
needs to change the sign of the one-electron integrals, allow the
positron to occupy orbitals already doubly occupied by target elec-
trons, and ensure that the positron does not couple electronic states
of different spins.11,26

We can use the switching off of exchange to get further insights
into ICEC-P and ICEC-W. When exchange between projectile and
target is switched off, the electron that comes in must be the elec-
tron that goes out (i.e., incoming and outgoing electrons are the
same). This mean that, in fact, there is no electron capture: if the
positive charge “moves” from the acceptor to the neighbor, this
must be because an electron has been transferred from the neighbor
to the acceptor. If we perform R-matrix calculations switching off
exchange, then we are calculating, to a good approximation, an elec-
tron transfer cross section, σe transfer. This approach does not account
for all contributions to the electron transfer process, however. For
instance, exchange will play a role if the projectile is attached via the
formation of a resonant state and is then ejected while an electron
from the neighbor is transferred. Similarly, after an attachment,
a different electron can be ejected from the water molecule in
ICEC-W accompanied by an electron transfer; such a pathway is not
included. However, the contribution of these mechanisms is likely
to be very small and have a small effect on σe transfer, particularly in

TABLE I. Target state energies, in eV, relative to the lowest state for the R distance and geometry indicated. The asymptotic energies, determined from the published data,19–24

are also tabulated.

R = 3 Å R = 8 Å R = 25 Å

Symmetry State H2O–H H–H2O H2O–H H–H2O H2O–H H–H2O R =∞

1 3B1 H(1s) H2O+(X̃ 2B1) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
2 1B1 H(1s) H2O+(X̃ 2B1) 0.0035 0.0108 0.0000 0.0000 0.0000 0.0000 0.0000
3 1A1 H+ H2O(X̃ 1A1) 0.5513 1.5665 1.2960 1.4970 1.3880 1.4080 1.0430
4 3A1 H(1s) H2O+∗(2A1) 2.3717 2.4161 2.4390 2.4500 2.4460 2.4470 2.1300
5 1A1 H(1s) H2O+∗(2A1) 2.5102 3.0279 2.4390 2.4500 2.4460 2.4470 2.1300
6 3B2 H(1s) H2O+∗(2B2) 6.0979 5.9543 6.0190 5.9920 6.0070 6.0040 5.9400
7 1B2 H(1s) H2O+∗(2B2) 6.1011 5.9646 6.0190 5.9920 6.0070 6.0040 5.9400
8 3B1 H+ H2O∗(3B1) 9.2026 9.5559 9.3040 9.2620 9.2950 9.2910 7.0000
9 1B1 H+ H2O∗(1B1) 9.8144 10.170 9.9090 9.8630 9.8980 9.8940 7.4000
10 3A1 H+ H2O∗(3A1) 11.992 12.135 11.847 11.776 11.816 11.809 9.3000
11 1A1 H+ H2O∗(1A1) 13.005 13.248 12.905 12.882 12.882 12.876 9.7000
12 3B2 H+ H2O∗(3B2) 14.192 14.302 14.196 14.154 14.172 14.169 11.040
13 1B2 H+ H2O∗(1B2) 15.191 15.018 14.950 14.886 14.909 14.902 11.050
14 3B2 H+ H2O∗(3B2) 15.017 15.341 14.982 14.960 14.973 14.971 11.410
15 1B2 H+ H2O∗(1B2) 15.683 16.380 15.882 15.879 15.891 15.890 11.500
16 3B1 H(1s) H2O+∗(4B1) 15.770 15.505 15.982 16.023 16.003 16.007 14.778
17 3A1 H+ H2O∗(3A1) 16.526 17.011 16.642 16.682 16.659 16.663 11.100
18 1A1 H+ H2O∗(1A1) 16.490 16.127 16.642 16.682 16.659 16.663 11.130
19 3B1 H+ H2O∗(3B1) 16.967 17.227 17.198 17.243 17.220 17.225 9.9800
20 1B1 H+ H2O∗(1B1) 17.015 17.440 17.198 17.243 17.220 17.225 10.010
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resonance-free energy regions. As we shall see, our results support
this assumption.

Subtracting it from the calculated (total) ICEC cross section,
σICEC, we obtain a cross section due to virtual photon exchange only,
σv.ph.. This subtraction is, of course, only approximate and less accu-
rate for R for which both contributions are of a similar size. A more
accurate approach would be to perform subtraction at the level of the
scattering matrices; this is, however, beyond the scope of this work.

The asymptotic cross section expression derived from analyti-
cal scattering theory2,3 accounts only for the virtual photon exchange
contribution. This asymptotic cross section is given by

σ(E) = 3h̵4c2

8πme

gA

gA+

σ(A)PI (E)σ
(N)
PI (E

′)
ER6E2

vph
. (2)

Here, E and E′ are the kinetic energies of the incoming and outgo-
ing electrons, respectively; Evph is the energy of the virtual photon;
R is the acceptor–neighbor distance; σPI are photoionization cross
sections for the acceptor, A, and neighbor, N; and g are statistical
weights. This cross section can be easily calculated using the avail-
able data for the photoionization cross sections. Here, we have used
both total photoionization cross sections27,28 and state-specific data
for water.29

III. RESULTS AND DISCUSSION
Below, we present and analyze the cross sections for ICEC-P

and ICEC-W, for both geometries studied and for several val-
ues of R defined as the distance between H/H+ and the oxygen
in H2O+/H2O. We also investigate the role of the projectile by
comparing electron- and positron-induced electron transfer.

A. Virtual photon vs electron transfer mechanisms
In ICEC-P, the system is initially in the H+ + H2O (X̃ 1A1)

state. Asymptotically, this state is ∼1 eV above the lowest energy
state of the system: H(1s) + H2O+ (X̃ 2B1). As a result, the transfer
of an electron from the water to the proton is energetically allowed
even for zero kinetic energy. As the thresholds in Table I indicate,
additional ICEC channels open as the energy increases. This is vis-
ible in the ICEC cross section in Fig. 3, where a step-like behavior
is observed for R = 3 Å in σICEC and σe transfer at around 1.4 and
2.0 eV, where the 1A1 state H(1s)+ H2O+∗(3a−1

1 ) becomes ener-
getically accessible; there is no obvious step in σv.ph.. In the case of
R = 8 Å, Fig. 4, there is no step in either σICEC or σv.ph.. The σe transfer

have a (smaller) step, but since they are very small (see below), this
does not affect the ICEC cross section.

Electron transfer cannot lead to a change in the spin of the
target. This is confirmed when analyzing the contribution of the dif-
ferent channels. Since the initial state of the system is singlet, the
contribution to σe transfer due to final triplet states is negligible. In the
case of σv.ph., singlet and triplet contributions are of the same order
of magnitude.

The ab initio cross sections in Figs. 3–7 exhibit significant
structure, comprising a large number of very fine peaks. These
peaks are associated with resonances (some are actually too nar-
row to be visible in the curves given the energy grid used). In most
cases, these resonances correspond to H2O Rydberg states, and one

FIG. 3. ICEC-P: cross sections for H2O–H (solid lines) and H–H2O (dashed lines)
and R = 3 Å. Shown are the total cross section, σ ICEC (T, red line), the electron
transfer cross section, σe transfer (E, blue line), and the virtual photon cross section,
σv.ph. (P, green line). The ICEC cross section obtained with the asymptotic formula
is labeled A3, lilac line. Note that in this figure, we have shifted the data so that for
each R and geometry, the 0 eV of scattering energy corresponds to the energy of
the appropriate initial state.

can see the Rydberg series converging to the thresholds for the
H + H2O+ states. A few of the resonances, however, correspond to
ion pair states.15 Some of the structures in σv.ph. are clearly non-
physical. The resonances can appear slightly shifted in σICEC and
σe transfer. As a result, when subtracting the two to obtain σv.ph.,
additional structures appear in the cross sections.

FIG. 4. ICEC-P: cross sections for H2O–H (solid lines) and H–H2O (dashed lines)
and R = 8 Å. All colors and labels as in Fig. 3. Note that in this figure, we have
again shifted the data so that for each R and geometry, the 0 eV of scattering
energy corresponds to the energy of the appropriate initial state. Note also that
the full and dashed red lines are not visible under the full and dashed green lines
respectively.
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FIG. 5. ICEC-P: σe transfer (red and green dots) and σv.ph. (blue and pink dots) as
a function of R for E = 2.0 eV and for H2O–H and H–H2O. The asymptotic cross
section is also included (black line).

We see in Fig. 4 that for R = 8 Å, σv.ph. ≃ σICEC. Electron trans-
fer (blue curves) is significantly smaller (<10−3 Mb). Meanwhile,
when the distance is reduced to R = 3 Å, σe transfer ≃ σICEC, and it is
the virtual photon exchange cross section that is smaller, as can be
seen in Fig. 3. This is expected, as σv.ph. is proportional2,3 to ∼R−6,
whereas σe transfer requires orbital overlap and, therefore, depends
exponentially on R. This dependence is illustrated in Fig. 5, where
we have plotted both cross sections as a function of R for ICEC-P
(the results for ICEC-W are similar) and a kinetic energy of 2 eV.
The much faster decrease of σe transfer as R increases is clearly visible,
as is the effect of the orientation on this cross section. As expected,
the agreement of σv.ph. with the asymptotic cross section is better at
bigger R.

As expected, σv.ph. agrees better with the cross section given by
the asymptotic formula for larger R, although the resonances make
it hard to see this in detail, and fairly independent of geometry (i.e.,
where H/H+ is located with respect to H2O/H2O+). The asymptotic
formula corresponds to averaging over the orientations of the
molecule. Meanwhile, σe transfer is quite sensitive to the geometry,
and this sensitivity increases as R increases: whereas the difference
between geometries for R = 3 Å is less than an order of magnitude, in
the case of R = 8 Å, the difference is around five orders of magnitude.
We interpret this to be due to the sensitivity of the electron transfer
to the overlap between acceptor and neighbor wavefunctions: at
larger distances where this overlap is very small, the orientation
of the molecule with respect to H/H+ has a stronger effect on the
electron transfer. Despite this dependence, geometry has hardly
any effect on σICEC at R = 8 Å, where the main contribution to
ICEC is due to virtual photon exchange, but makes a difference for
R = 3 Å, where the main contribution is due to electron trans-
fer. σe transfer is bigger for H–H2O, indicating that a transfer of the
electron is more likely when H+ is on the side of the H of water rather
than that of O.

FIG. 6. ICEC-W: Cross sections for R = 3 Å for H2O–H (solid lines) and H–H2O
(dashed lines). All colors and labels as in Fig. 3.

We now discuss the ICEC-W cross sections, plotted in Figs. 6
and 7: in this case, the degenerate initial state H(1s)+ H2O+(1b−1

1 )
is the lowest state of the system. Therefore, there is a threshold for
ICEC. However, since there is only one possible final state of the
ICEC process in the energy range of interest, there are no step-like
features in the cross sections.

We see in Fig. 7 that for R = 8 Å, again σv.ph. ≃ σICEC and
σe transfer < 10−7 Mb. However, although for R = 3 Å, we again find
that σe transfer ≃ σICEC (see Fig. 6), σv.ph. contributes a larger propor-
tion than for ICEC-P despite being smaller in absolute value. This is
not surprising: the transfer of an electron is not energetically favor-
able in this case, so one would expect σe transfer to be smaller than
for ICEC-P. The process, therefore, contributes proportionally less

FIG. 7. ICEC-W: Cross sections for R = 8 Å for H2O–H (solid lines) and H–H2O
(dashed lines). All colors and labels as in Fig. 3.
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FIG. 8. ICEC-P: σv.ph. and σ ICEC for R = 3 and 8 Å calculated including (curves
labeled S + T) and excluding (curves labeled S) the contribution of triplet final
states. For 8 Å, σv.ph. are not visible as they sit under σ ICEC.

to the total cross section. This also explains why the ICEC-W cross
section is smaller than the ICEC-P one, particularly for small R
where the electron transfer is very effective for ICEC-P: although
σv.ph. is also smaller for ICEC-W, the difference in magnitude is
larger for σe transfer. The effect of geometry is similar to that for
ICEC-P, with the largest difference between geometries occurring
for σe transfer for R = 8 Å.

Since electron transfer only produces singlet final states, we
would expect that for R = 3 Å, where σe transfer ≃ σICEC, singlet states
are almost exclusively produced. This is not the case for R = 8 Å. In
other words, the proportion of singlet and triplet states produced as

a result of ICEC is R dependent. This is illustrated in Fig. 8, where
we have plotted, for ICEC-P, σICEC and σv.ph. calculated including
and excluding the contribution of triplet final states for R = 3 and
8 Å. For R = 3 Å, σICEC barely changes if the triplets are excluded
because its largest contribution is due to electron transfer. The dif-
ferences visible in σv.ph. have little effect on it. This confirms that it is
almost exclusively singlet states that would be produced. In the case
of R = 8 Å, the differences in σICEC when the triplets are excluded
are close to an order of magnitude, confirming that both singlet and
triplet final states would be produced in significant numbers. For this
R, the contribution of electron transfer is negligible: the σv.ph. are not
visible in the figure because they sit exactly under σICEC. This differ-
ential production of singlets and triplets is particularly interesting in
the case of ICEC-W where singlet and triplet final states correspond
to the singlet and triplet states of H2O.

Again, we see in Fig. 7 that the cross section determined with
the asymptotic formula agrees well with σv.ph.. In ICEC-W, we only
consider ICEC for H2O+ in its initial ground state, 2B1. Therefore,
the consistent asymptotic cross section includes the photoionization
cross section for the final state H2O+ (X̃ 2B1) only. The theoretical
photoionization cross sections used underestimate the experiment,
which could partially explain why the analytical cross section is
smaller than σv.ph..

As seen in the figures, the asymptotic formula gives cross sec-
tions smaller than our σv.ph. for the whole scattering energy range
for R = 3 Å. For R = 8 Å, the asymptotic formula gives cross sections
that are closer to the calculated σv.ph., as expected, although higher
for energies above ∼4.5 eV for ICEC-P and ∼6 eV for ICEC-W.

Figure 9 shows the ratio σv.ph./σe transfer for ICEC-P for the range
of R investigated. The ratio is larger for bigger R; as R decreases, the
likelihood of electron transfer increases faster than that of virtual
photon exchange: R = 6 Å seems to be the “transition” distance for
which the contribution of electron transfer becomes bigger than that
of the photon exchange. In fact, at R = 6 Å, the H2O–H ratio is

FIG. 9. ICEC-P: Ratio σv.ph./σe transfer for R = 3–8 Å. Left panel: H2O–H; right panel: H–H2O. The data are shifted as in Figs. 3 and 4.
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FIG. 10. ICEC-W: Ratio σv.ph./σe transfer for R = 3–8 Å. Left panel: H2O–H; right panel: H–H2O.

greater than 1, but the H–H2O one is smaller than 1, confirming
that (at R ≤ 6 Å at least) it is easier for an electron to be transferred
from H2O to H+ if H+ is situated on the H end of water. For both
geometries, σv.ph. is of similar size and very similar to the asymp-
totic cross section, whereas σe transfer differs by around two orders of
magnitude.

We clearly see that the geometry effect on the ratio is more sig-
nificant for large R. This is due to the strong geometry effect on
σe transfer when R increases, in contrast to the negligible effect on
σv. ph. for all R. We note that this geometry dependence at large R
is likely to be quite sensitive to the description of the orbitals of H
and H2O: changes to the choice of basis set and orbital may affect
the comparison.

The same ratios are presented for ICEC-W in Fig. 10. Here,
no superelastic scattering is possible (i.e., the electron transfer is
not energetically allowed at 0 eV of kinetic energy), so, instead, the
cross sections converge to ∼1 as R decreases. This indicates that in
ICEC-W, as R decreases, electron transfer becomes more likely, but
not more likely than virtual photon exchange.

B. Role of the projectile in electron transfer
It is interesting to attempt to ascertain the role the projectile

plays in the electron transfer process. In ICEC-P, there is no need
for the projectile to “contribute” any kinetic energy in order for
the electron transfer to be energetically allowed (in this fixed-nuclei
picture, the process is superelastic and the scattering electron leaves
with more energy). In ICEC-W, around 1 eV needs to be deposited:
there is no electron transfer (in fact, no ICEC) below this scatter-
ing energy. The rate at which σe transfer decreases as the scattering
energy increases is similar for both systems, perhaps slightly faster
for ICEC-W. This indicates that the projectile is not completely
passive as its kinetic energy affects the electron transfer, but this
effect seems not to be very dependent on the specific process.

To gain more insights into the role of the projectile, we have
run the same calculations (i.e., using the same target and scatter-
ing models) for positron scattering, that is, changing the charge of
the projectile. In this case, our calculations only model the elec-
tron transfer process. Neither positronium formation nor a potential
positron capture (positron binding) that would lead to ionization of
the environment can be modeled with the UKRmol+ suite.

Figure 11 shows the ratio of the electron- and positron-induced
electron transfer cross section for two R and both ICEC-W and
ICEC-P. The ratio is bigger for smaller R, particularly at low
energies, but we do not see a strong geometry dependence. The

FIG. 11. Ratio of electron- and positron-induced electron transfer cross sections
for R = 3 and 8 Å for ICEC-P and ICEC-W for H2O–H (solid lines) and H–H2O
(dashed lines).
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dependence on the scattering energy is stronger for small R. Finally,
ICEC-P leads, on the whole, to a larger ratio above ∼2.5 eV, in partic-
ular for the larger R. These dependencies point at the projectile not
having a passive role: its interaction with the whole system seems to
affect the electron transfer process.

For R = 8 Å, the ratio is above 2 for the whole energy range for
ICEC-P, whereas for ICEC-W, it is close or below 1 above ∼3 eV.
(The overall behavior of the ratio below ∼2.4 eV is hard to ascer-
tain due to the resonances present.) For R = 3 Å, conversely, the
ratio is 100 and bigger below ≃2.5 eV, decreasing perhaps toward
2 as the energy increases for both ICEC-P and ICEC-W. It should
be noted that the accuracy of the ratios is dependent on modeling
positron than electron scattering similarly well. However, R-matrix
calculations are poorer at modeling positron than electron scatter-
ing. Using the same model for both projectiles, as we have done
here, can lead to results of poorer quality in the case of positrons and
underestimated elastic cross sections at low energies.30 The apparent
convergence of the ratios to 2 for three out of the four cases plotted
could, therefore, point at our calculations underestimating the
positron-induced electron transfer rather than at a physical effect.
What is clear is that as the energy increases the ratio becomes less
energy dependent and that the charge of the projectile has a more
significant effect for small R. It is not obvious why the effect of
the charge of the projectile is dependent on the geometry of the
target.

IV. CONCLUSION
Using the R-matrix approach, we have calculated ICEC cross

sections for H+ + H2O and H + H2O+ and disentangled the con-
tributions of electron transfer and virtual photon exchange as a
function of the distance between acceptor and neighbor and their
relative orientation. We have shown that, as expected, electron
transfer makes the largest contribution to the ICEC cross section
at smaller R. We have also shown that, for the cases studied, the
difference between the cross section obtained by the asymptotic
formula and the ab initio ICEC cross section is due, in most cases,
almost completely to the electron transfer process. The electron
transfer mechanism, which can be seen as an electron capture
by the acceptor from its neighbor rather than the continuum, is
significant for a range of acceptor–neighbor distances. One should
ensure that studies of ICEC process make it clear whether one or
both mechanisms are being investigated or modeled.

We have shown that, for the systems studied, the magnitude
of the electron transfer cross section depends strongly on the rela-
tive position of acceptor and neighbor, whereas the photon transfer
process depends on the distance between acceptor and donor but
is fairly insensitive to their relative orientation. Although the ori-
entation dependence of σe transfer is stronger for larger R, its smaller
contribution to σICEC means that the latter cross section is more
orientation dependent for small R. In addition, σe transfer is respon-
sible in ICEC-P for the step-like behavior of σICEC, which is due to
final channels becoming energetically accessible; σv.ph. has a smooth
dependence with energy.

The electron transfer mechanism cannot lead to changes to
the spin of the target, whereas the virtual photon exchange does.
This differential production of triplet and singlet state points at a

potential way of establishing, for some systems, whether virtual
photon exchange takes place. For example, in the case of ICEC-W,
electron transfer cannot lead to the production of H2O in a triplet
state. The channels associated with the first singlet and triplet excited
states of water become energetically available above 9.3–9.9 eV (see
Table I). If one could experimentally determine the state of the
neutral water produced in the process for electron energies above
∼10 eV, the presence of triplet states would confirm that virtual
photon exchange is taking place. In addition, due to the dependence
of the cross sections with R, a higher proportion of triplet states are
produced when the electron transfer contributes relatively less to the
process, in other words, when the distance between acceptor and
neighbor is large.

A comparison of the two systems investigated, H+ + H2O and
H + H2O+, shows that both σe transfer and σv.ph. are sensitive to the
energetics of the system. For small R, the total cross section for
ICEC-W is smaller because the dominant electron transfer is smaller
as there are fewer open channels than in ICEC-P. For large R, the
virtual photon cross section dominates, and this is also smaller for
ICEC-W. We can understand this for the cross section given by
the asymptotic formula in terms of the size of photorecombination
and photoionization cross section included. The photoionization
cross section for H2O required in ICEC-P, which includes contri-
butions of several final cationic channels, is much larger than the
photorecombination one needed for ICEC-W for most of the energy
range.

We have looked at the effect of the charge of the projectile on
the electron transfer process by comparing electron and positron
scattering. We have shown that this effect is significant for low scat-
tering energy but gets smaller as this energy increases. The depen-
dence of the ratio on the distance between acceptor and neighbor
at low energies could be related to how the positive/negative
charge of the projectile affects the charge distribution in the target
systems.

Our results point at the importance of ab initio calculations in
the study of ICEC and for comparison with experiment, especially
if the electron transfer and virtual photon exchange contributions
cannot be separated. Neither orientation effects nor those due to
channel opening are accounted for by the asymptotic formula.
Although the effect of the geometry of water is still to be studied,
the present results show a strong dependence of the cross section
on geometry. This has implications for ICEC in environments of
applied relevance, where there are usually many environment par-
ticles. Earlier work on ICEC for Ne+–He and Ne+–He2 showed
approximate additivity of the cross section;13 even if this applied
for the systems studied here, consideration of the relative orienta-
tion of the neighbors with respect to the acceptor would require
the determination of single neighbor cross sections for a range of
orientations. The dependence of the cross sections on geometry
also points at the importance, already observed for ICD, of going
beyond a fixed-nuclei picture and considering nuclear dynamics
in ICEC.
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