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Electron-impact excitation and ionization of molecular and liquid water
using a pseudocontinuum method
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We present an ab initio framework for computing inelastic electron scattering (IES) on isolated molecules and
in condensed phases, focusing on liquid water as a prototypical target. Our method employs a pseudocontinuum
treatment for electron-impact ionization. The scattered projectile is described by a plane wave, while the
final states of the target, including the excited or ejected electron, are expanded in a square-integrable basis.
This approach naturally describes the transition between the excitation and ionization regimes and enables
molecular-hole-resolved IES cross sections to be extracted within a standard quantum-chemistry framework.
For isolated water molecules, the computed IES cross sections agree with available experimental data. For liquid
water, our calculations show that solvation has a small effect on the total IES cross section. We see, however,
that the liquid environment leads to a substantial enhancement of electron-impact-induced ionization and a
corresponding reduction of electron-impact-induced excitation. We discuss the total and hole-resolved single
differential cross sections, offering a complete molecular picture of IES and paving the way toward a detailed

simulation of radiation-damage formation in water.
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I. INTRODUCTION

Inelastic electron scattering (IES) is a crucial process
through which electrons propagating in a medium deliver
energy into surrounding molecules via collision-induced exci-
tations and ionizations. Developing an appropriate description
of IES and its effect on the molecular target is thus of utmost
importance for understanding the behavior of a condensed-
phase system subjected to ionizing radiation. In particular,
fully characterizing the state of the molecules in which energy
is deposited is key to understanding how IES leads to the oc-
currence of radiation damage. Recently, probing the ultrafast
collisional ionization dynamics became accessible through
Xx-ray pump/x-ray probe experiments with subfemtosecond
resolution, employing all-x-ray attosecond transient absorp-
tion spectroscopy, a.k.a. AXATAS [1]. In order to interpret
how the collisional ionization dynamics imprint signatures on
the recorded absorption spectrum, an accurate modeling of the
involved IES processes with a focus on condensed phases is
required.

Theoretical methods to compute IES cross sections (CSs),
however, were so far largely focused on isolated atoms and
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molecules. At very high collision energies, IES can be fairly
well understood without considering intricate details of the
electronic structure of the target. Thus, properties of IES
were often computed using semiempirical approaches [2—6]
or extrapolated from experimental data and optical proper-
ties [7—12]. However, such methods remain limited by their
semiempirical character, by the quality and availability of the
required parameters, and leave aside information regarding
the final state of the target. In contrast, at lower collision
energy, IES becomes increasingly sensitive to the properties
of the involved atomic or molecular states [10,13,14]. In this
regime, characterizing IES requires ab initio calculation ac-
curately describing the interaction between the projectile and
the electronic structure of the target.

While it has been proposed that IES could be treated in the
framework of time-dependent density-functional theory [15],
most ab initio strategies rely on wave-function approaches
and use explicit continuum waves to describe both scattered
projectile and ejected target electron [16—19]. The methods
focus on electron-impact-induced ionization and mostly differ
from one another by the type of continuum wave used for
either of the free electrons (plane waves, Coulomb waves,
or distorted waves) and by the wave-function ansatz used to
describe bound electrons. These approaches naturally give ac-
cess to high-order derivatives of the electron-impact-induced
ionization cross section and are well suited to describe colli-
sions when secondary electrons are ejected with sufficiently
large momentum. For condensed-phase systems, when the
excited or ejected target electron carries only a small amount
of momentum, it considerably interacts with the chemical
environment and thus a plane-wave description becomes

Published by the American Physical Society


https://orcid.org/0000-0001-8896-9219
https://orcid.org/0000-0002-1442-9815
https://orcid.org/0000-0003-1417-4151
https://ror.org/04fme8709
https://ror.org/01js2sh04
https://ror.org/0149pv473
https://ror.org/00g30e956
https://ror.org/00g30e956
https://crossmark.crossref.org/dialog/?doi=10.1103/h7g3-r5s3&domain=pdf&date_stamp=2026-08-26
https://doi.org/10.1103/h7g3-r5s3
https://creativecommons.org/licenses/by/4.0/

FERTE, SANTRA, AND INHESTER

PHYSICAL REVIEW RESEARCH 8, 033229 (2026)

unsuitable. Accordingly, simulating IES in liquid water re-
mains a theoretical challenge and most available approaches
are not really designed for describing IES in condensed
phase and mostly focus on gas-phase experiments [4,6,15—
17,19,20].

Concrete differences in the IES between gas-phase and
liquid-phase water may be expected because the electronic
structure of a water molecule in a liquid environment is
altered compared to the one of an isolated molecule. For
example, ionization energies are considerably different [21].
Moreover, excited states and the low-energy continuum are
strongly influenced by the chemical environment [22]. Thus,
differences in the IES cross section should appear in the
intermediate collision-energy range, where details of the elec-
tronic structure of the target strongly influence the collisional
process. In water, this becomes relevant at a collision energy
below 250 eV, i.e., in the pertinent energy range for the ap-
pearance of biological radiation damage [14,23]. Only few
attempts were made to describe IES in liquid water within an
ab initio framework. In particular, de Sanctis et al. [24-26]
employed a one-active-electron model for collisional ioniza-
tion based on a Coulomb-wave description for the ejected
electron, whereas Koval et al. [14] used an approach based
on linear-response time-dependent density-functional theory
with a local-density-approximation-type functional to com-
pute the electron-energy loss function.

Pseudocontinuum methods offer an interesting alternative
in this context. Within such a framework, only the projectile
is explicitly described by a plane wave, whereas the final
state of the target (including the excited or ejected electron)
is described by discrete eigenstates of the Hamiltonian op-
erator projected in a finite square-integrable (L?) basis. This
approach is naturally well suited for describing the transi-
tion between the excitation regime and the ionization regime.
However, because it only yields a discretized approximation
of the ionization continua, postprocessing such as utilizing
the moment-theory-based Stieltjes-imaging procedure [27,28]
is required to recover physically relevant information past the
ionization threshold. At the moment, usage of methods relying
on pseudocontinuum states to describe inelastic scattering re-
mains scarce and limited to atoms [29] and small systems [30].

In this paper, we present a computational strategy relying
on a pseudocontinuum description of electron-impact ioniza-
tion to describe IES at both low and high impact energy and
momentum transfer. We show that when using a basis set
suitable to describe pseudocontinuum states, our approach
appropriately describes the ionization regime while bound
excitations are naturally well described. Our approach offers
a straightforward way to extract cross sections for specific
excitation/ionization channels and thus to build a picture of
IES with an emphasis on the molecular aspects of the target
rather than on the projectile. We apply this method to inves-
tigate IES in liquid water, i.e., the most essential solvent in
biological systems, for which IES is critical to the occurrence
of radiation damage, and compare our results with those we
obtain for an isolated water molecule. Our simulations provide
a complete molecular picture of the effects of electron impact
in liquid water. The obtained partial cross sections are the
missing piece to allow to fully model the formation of radia-
tion damage created through cascades of electron collisions in

water and the appearance of the corresponding spectroscopic
signatures.

The paper is organized as follows: In Sec. II, we present
the theoretical and computational aspects of our method. We
break down the approximations made to derive the IES cross
sections (Sec. IT A) and make explicit the practical aspects of
our method, i.e., the description of liquid water, the treatment
of the electronic structure, and the reconstruction procedure
to describe ionization continua from pseudocontinuum tran-
sitions (Sec. II B). In Sec. III, we discuss the results for the
IES cross section for isolated water molecules (Sec. IIT A) and
liquid water (Sec. III B). Finally, in Sec. IV, we summarize our
conclusions.

II. THEORY AND METHOD

A. Inelastic electron scattering: Total and differential
cross sections

In the following, we focus on electronic processes in the
target and neglect nonelectronic processes such as vibrational
and rotational excitations that naturally become relevant at
very low collision energy [9,13,31]. Moreover, we consider
a regime where nuclear excitations are irrelevant, so the in-
elastic interaction of the projectile electron involves the bound
electrons in a target molecule.

We employ atomic units throughout this paper, in which
h = m, = |e| = 1. Employing first-order perturbation theory,
the IES double-differential cross section, i.e., the derivative
of the IES cross section o with respect to the energy &g
and direction €2 of the scattered projectile electron in a finite
volume V and parametrized by its incoming momentum ki
and spin Xy, is [29,32]

d20(k1, E]) . V2|kF| tot | Y4 tot\ |2
dQder  4n?lK| Z:K% Wec ")

x 8(Ey — Ef + &1 — ¢€F), (D

with [W[®') = |, ¢p) being the initial electronic state of the
system with the molecular target in the state |W;) with en-
ergy Er and an incoming projectile electron in state |¢p) with
spin X, asymptotic momentum Kj, and energy &1 = k12 /2. In
Eq. (1), |¥f") = |WE, ¢F) is the final state of the system with
the molecular target in the state | W) with energy Er # Ej and
an outgoing electron in state |¢p) with spin X, asymptotic
momentum Kg, and energy ep = k]% /2. The combined sum and
integral symbol indicates that the summation runs over both
discrete (bound) and continuum (ionized) final states |Wg).
The electronic Coulomb operator W.. describes the electron-
electron interaction. The Coulomb-matrix element in Eq. (1)
leads to two contributions, a direct term,

(Welata| W) (uj, ¢ | ui, ), )
and an exchange term,
— (Wlala| W) (e, uj | i, ), 3)

where &j and g; are creation and annihilation operators that
add and remove an electron in the one-electron state |u;)
with spin X; and |u;) with spin X;, respectively. In Egs. (2)
and (3), we have used the common abbreviation for Coulomb
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integrals,

1
(uj, ¢g | ui, ¢1) =38sx, 5,855 // &rid®ry——

[ry — 1|
X (r)u;(r)gp(r2)éi(rz) “4)

and

1
(Br, uj | ui, ¢1) =90s; 5,05, 5, /f &’rd’r,———

[r; — 1y
X ¢p(rDui(r)u’ (r2)ei(rz), (5)

where the Kronecker §5, 5, symbols are 1 if the electron spins
3, and ¥, are equal, and O otherwise.

To evaluate the spatial part of the Coulomb integrals, we
make use of the Born approximation, in which the projectile
states are approximated by box-normalized plane waves,

ikpr iKg-r

(r(¢r) N and  (r|¢r) N

Within this framework and using Bethe’s integral [33], one
can rewrite the Coulomb integral in Eq. (4),

s 5 1 4n

(uj, ¢ | ui, 1) = 9z, 5, 55y K2

with K = k; — kg the projectile momentum transferred dur-

ing the collision. The factor 1/K? in the Coulomb-matrix

element in Eq. (7) suppresses large momentum transfer in the

inelastic scattering.

To apply a similar treatment to the Coulomb integral cor-
responding to the exchange term of Eq. (5), we first introduce
the Fourier decomposition of the spatial part of the final states
of the excited or ejected electron,

uj(r) = / dkjiij(k;) e, ®)

(6)

i le™ ), (7)

One can then rewrite

(5 | i, ) = / K5 ) b K | i, )
14w —
:/d3kjvﬂﬁ;‘.(kj)(kﬂe"(fﬂu,-)
J

X Oxp %05, 5 )]

where K; = k; — k; now represents the momentum differ-
ence between the incoming projectile electron and the final
plane-wave component, in which the target electron u;(r) is
expanded.

It is important to realize that the factor 1 /K? consider-
ably suppresses the exchange contribution as long as |K;| <
|Kg|, which is the case when the direct term dominates, i.e.,
k; ~ Kkg. Accordingly, exchange effects are expected to vanish
when the outgoing electron has a largely different momentum
than the excited or ejected electron. Furthermore, the direct
term contributes only when the spin of the incident electron
matches with the one of the outgoing electron, whereas the
exchange term contributes only when the spin of the incident
electron matches with the spin of the excited or ejected target
electron u;. Hence, in the specific scenario where the spin of
the incident electron changes in the scattering process (spin
flip), the exchange term is dominant. Such a spin flip must
consequently also lead to a change of the spin state in the
molecular target [34,35]. If no spin-flip scenario is considered,

the exchange term becomes large when k; >~ ky. Because of
energy conservation, k; — kg must be large, so the direct term
is strongly suppressed. In this case, the ejected electron and
the scattered electron change their roles. The interplay be-
tween the two terms routes back to the indistinguishability of
the ejected and the scattered electron. This ambiguity is over-
come by defining the scattered electron to be the one that has
a similar momentum as the incoming projectile electron (i.e.,
the fast electron) and the excited or ejected electron as the one
with low momentum contributions (i.e., the slow electron).
Notably, considerations become more involved when the mo-
mentum of the projectile electron, and hence the momentum
differences between outgoing and excited/ejected electrons,
becomes eventually small.

For the remainder of the paper, we assume that the in-
coming projectile momentum |K;| is sufficiently large, so
that exchange effects can be neglected, as discussed above.
Accordingly, we consider that the incoming electron has the
same spin as the fast outgoing electron. Equation (1) can then
be reformulated as [29,32]

d*o (ky) 4 |kg Ko
L= —Fiu%w“ W) 2
F

dQder  |K|* [k
X §(Ey — Eg + €1 — €f). (10)

Integrating Eq. (10) over the outgoing direction of the
scattered projectile €2 yields the single differential cross sec-
tion (SDCS) do (ky)/deg. As the derivative of the total cross
section with respect to the outgoing projectile energy, or
equivalently with respect to the energy transferred to the scat-
tering target, the SDCS is the key quantity to investigate the
molecular aspects of IES events.

B. Methodological framework
1. Sampling of water clusters

Molecular dynamics simulations were performed using
the GROMACS software [36] version 2021.4 to generate
and equilibrate a 3 x 3 x 3 nm water cube containing 884
molecules with the extended simple point charge (SPC/E)
optimized potential for liquid simulations (OPLS) force field
[37,38]. This force field imposes freezing of the internal
O-H bond distances and the H-O-H angle to improve the
thermodynamic description of the ensemble. We employed the
V-rescale thermostat [39] and the Parrinello-Rahman barostat
[40—42]. For the dynamics, we used a 2-fs propagation time
step and three-dimensional periodic boundary conditions. The
particle mesh Ewald [43,44] scheme was used to compute
the Coulomb interaction, while geometric rules were used
to determine the Lennard-Jones parameters. First, an energy
minimization was performed, followed by two consecutive
100 picoseconds (ps) equilibrations, first at constant particle
number, volume, and temperature (NVT), and then at constant
particle number, pressure, and temperature (NPT) at 300 K
and 1 bar, respectively. Finally, an NPT production run was
carried out for 1000 ps.

We then sampled 50 water clusters with an arbitrary ori-
entation from the equilibrated water box. Each of them was
generated by randomly selecting a water molecule and in-
cluding all neighboring water molecules closer than 3.25 A
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(oxygen-oxygen distance) as its first solvation shell [45].
From this sampling, 19 pentamers, 15 hexamers, 11 tetramers,
4 heptamers, and 1 trimer were obtained, leading to an average
cluster size of 5.2 water molecules. Among the leftover water
molecules, those closer than 10 A were included in our calcu-
lation as point charges, where we employed the partial-charge
values defined by the force field.

2. Electronic structure of the molecular target

To simulate IES, the electronic structure of the molecular
target was described at the configuration-interaction-singles
(CIS) level and within the frozen-core approximation since, at
the investigated collision energies, core excitations and ioniza-
tions only represent a negligible fraction of IES events. For the
calculations involving water clusters, the IES was computed
for the water molecule at the center of the cluster. To that
end, in the CIS procedure, only excitations from the occu-
pied orbitals localized on this central target molecule were
allowed (without restricting the virtual space). In Appendix A,
we show that this decoupling does not bias the description
of IES, but instead prevents spurious contributions from the
peripheral water molecules at the boundary of the cluster.

Molecular orbitals (MOs) were expanded in a standard
atom-centered Gaussian-type orbital basis. To enhance the
description of pseudocontinuum states, the basis was com-
plemented with Kaufmann functions optimized to describe
the ejected electron in the field of the cationic core [46,47].
If not otherwise stated, we used Pople’s 6-31G™* basis set
[48-50] centered on each of the oxygen and hydrogen atoms,
complemented by 10s, 10p, 10d, and 5f Kaufmann basis
functions centered on the oxygen atom of the central target
molecule. In the following, we refer to such a complemented
basis as “asBpyddf + BASIS,” when « s-type, B p-type,
y d-type, and § f-type Kaufmann functions complement the
usual BASIS.

For calculations involving an isolated water molecule, stan-
dard restricted Hartree-Fock (HF) orbitals were used. For lig-
uid phase, i.e., water clusters, we used localized MOs obtained
by first localizing the canonical HF orbitals of the water clus-
ter using Boys’ localization procedure [51,52]. We then par-
tially “recanonicalized” the occupied orbitals localized on the
target molecule at the center of the cluster by diagonalizing the
subblock of the Fock matrix corresponding to these orbitals.
This block recanonicalization procedure shares some aspects
with the method proposed by Vuilleumier and co-workers
[24-26,53] and is critical to recover localized MOs displaying
symmetries similar to those of an isolated water molecule.

Importantly, this partial recanonicalization procedure only
involves rotations among occupied MOs that are subsequently
included in a CIS calculation. Therefore, this procedure does
not affect the quality of the computed states. The use of
MOs displaying relevant symmetries leads, however, to a
more natural interpretation of the IES simulation. We found
that despite the use of localized orbitals, our recanonicaliza-
tion procedure allows the Fock matrix to retain a sufficiently
diagonal-like character. This allows us to use the diagonal
elements of the Fock matrix as Koopmans’-like estimations
of the ionization potential (IP).

The electronic-structure and IES calculations were per-
formed using a development version of XMOLECULE [54,55].

4.5 T : 6731,g*
_ 4 10s +6-31g* ——
NE 10s10p + 6-31g*
L35t 10s10p10d + 6-31g* .
= 10s10p10dSf+ 6-31g* —w—
= 3r 10s10p10d10f+ 6-31g* - - —
= 10s10p10d10f10g + 6-31g*
kel 251 10s10p10d5f+ 6-31 14++g#* == - - - 1
3 2
n
2
e 15
O
s 1
o
& 05
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FIG. 1. Convergence of the calculated total IES CS for an iso-
lated water molecule (optimized geometry) with respect to the size
of the basis set. The initial projectile direction was taken along the z
axis (see text).

In order to evaluate the IES, one has to compute matrix
elements of the type

[ e, (i

where x,(r) and x,(r) are Gaussian basis functions. The
computation of these matrix elements was implemented fol-
lowing the recursive relations given in Ref. [56].

To obtain SDCSs, integration over the scattering direction
2 was performed numerically using a tight Lebedev grid with
L = 101 (I;max = 50) [57] to resolve the characteristic highly
directional behavior observed at high projectile velocity.

3. Pseudocontinuum reconstruction

Using standard quantum-chemistry methods to compute
molecular electronic structure generally leads to a poor de-
scription of the continuous part of the electronic spectrum.
This is because these approaches typically rely on a basis of
bound-state-like square-integrable (L?) functions. Such bases
are unable to properly reproduce the nondecaying asymptotic
behavior of unbound states. As a result, one only obtains
discrete “pseudocontinuum” states approximating the true
continuum within the constraint of the basis.

When considering an initial bound state of the target, it is
expected that the matrix elements in Eq. (10) are only weakly
influenced by the asymptotic behavior of the continuum wave
functions. This important observation is the foundation for
moment-theory methods, such as the Stieltjes-imaging proce-
dure, which we employed to reconstruct the continuous part
of spectra only using the discrete pseudocontinuum contribu-
tions [27,28].

III. RESULTS AND DISCUSSION
A. IES in gas-phase water

1. Basis-set convergence

We report in Fig. 1 the total IES CS obtained using our
pseudocontinuum approach for an isolated water molecule at
its optimized geometry as a function of the incoming projec-
tile energy and for a series of basis sets. For these calculations,
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FIG. 2. (Top) Total IES cross section of an isolated water
molecule (red) and its excitation (blue) and ionization (green) con-
tributions at the optimized geometry, averaged over 100 randomly
sampled initial projectile directions. Dots show measured electron-
impact ionization CSs for gas-phase water taken from Refs. [58-61].
(Bottom) Ionization CSs in the sub-100 eV region.

the projectile direction was fixed along the C2-symmetry axis
of the molecule that defines the z axis of the reference frame,
the molecular plane defining the y-z plane. Regardless of the
basis, the total IES CS rises quickly at low energy, reaches a
maximum, and then gradually decays at high collision energy.
A net increase in the computed IES CS is observed when
functions of higher angular momentum are provided. It turns
out that these high-angular-momentum Kaufmann functions
are critical to describe pseudocontinuum states relevant for the
electron-impact ionization. These observations are consistent
with previous works on electron-impact ionization in water
involving basis sets including functions of f-type symmetry
[16,17,19]. We conclude that the 10s10p10d5f 4+ 6—31G*
basis set provides sufficiently converged results. This basis set
is thus used throughout the rest of the paper (see Appendix B
for a convergence study on a water cluster).

2. Electron-impact excitation and ionization

To disentangle in our calculations electron-impact-induced
excitation from collisional ionization, we assigned to each
final CIS state a hole type identifying which of the 2a,, 1b,,
3a;, or 1b, water orbitals bears the largest hole density. We
then compared the excitation energy to the corresponding
Koopmans’ ionization potential to identify whether a transi-
tion contributes to the excitation or ionization CS. In Fig. 2,

the total IES CS (red) as well as its excitation (blue) and
ionization (green) components are presented as a function of
the incoming projectile energy for an isolated water molecule.
The results presented here have been obtained for the opti-
mized geometry of the isolated water molecule, by averaging
over 100 randomly sampled projectile directions. Experimen-
tal electron-impact ionization cross sections for gas-phase
water [58—61] are shown for comparison.

Both components of the IES CS display similar character-
istics as the total CS, i.e., a fast rise at low energy followed by
a gradual decay. The collisional excitation CS starts rising at
a slightly lower impact energy than its ionization counterpart,
but ionization becomes dominant at energies above 40 eV. The
collisional ionization CS reaches its maximum around 85 eV,
whereas the total CS peaks at approximately 70 eV.

As one can see, our approach yields an ionization cross sec-
tion that agrees very well with experimental values at collision
energies higher than 400 eV, specifically the results of Straub
et al. [61] (maximum deviation 2%). In this region, the mea-
sured ionization cross sections reported by Schutten ez al. [58]
are about 12% smaller and the ones reported by Bolorizadeh
and Rudd [59] are about 15% larger. For lower incoming ener-
gies, the discrepancies between the calculated ionization cross
sections as well as the discrepancies among the measured
ionization cross sections are larger. In particular, our calcu-
lated IES ionization cross section has a maximum at slightly
lower energy than the measured ones and overestimates the
ionization cross section by up to 15%-40%, depending on
the experimental data used as a reference. Factors that may
play a role in causing this behavior are (1) artifacts due to
the way we distinguish between excitation and ionization, in
particular, the Koopmans’-like estimation used for the IPs,
(2) limitations of the plane-wave description of the projectile
(i.e., effects beyond the first Born approximation), and (3)
the neglect of exchange contributions between scattered and
ejected electrons in the final state [16,18]. While the latter
two are expected to become more apparent at lower kinetic
energy for the projectile electron, exchange effects are ex-
pected to be the dominant factor for the overestimation of the
IES-induced-ionization-cross-section maximum. Indeed, the
results presented in Ref. [18] for several diatomic molecules
show on average a decrease of 30% for the ionization-cross-
section peak due to the exchange effects, while the impact of
employing a description beyond the plane-wave model for the
ejected electron appears to be more limited.

3. Structural fluctuations and molecular orientation

We now discuss the effect of molecular structure and ori-
entation on the IES CS. In Fig. 3, we report the IES total,
ionization, and excitation cross sections of an isolated water
molecule accounting for the orientation of the target at a fixed
geometry by sampling 100 random initial projectile directions
(red) and accounting for both the orientation and the structural
fluctuations of the target (blue). As can be seen, the IES CSs
vary only little when different orientations are considered. A
slightly larger spread is observed when structural fluctuations
are also considered. However, these variations of the total CS
reach at most 15% for collision energies higher than 20 eV and
become as low as 5% past the 200 eV mark. The averaged CSs

033229-5



FERTE, SANTRA, AND INHESTER

PHYSICAL REVIEW RESEARCH 8, 033229 (2026)

4.5 T T T
Sampled Geometries
ar Optimized Geometry ===~ 7|
3.5

Total Cross Section [10716 cm?]

0.5 B
O 1 1 1 1
0 200 400 600 800 1000
Incoming Energy [eV]
3.5 T T
& Sampled Geometries
5 3F Optimized Geometry ===~ -
©o
S 25} .
S
w
@ 1.5 -
o
(&}
c 1F B
S
5 05 g
C
kel
0 1 1 1 1
0 200 400 600 800 1000
Incoming Energy [eV]
1.6 T T T
Sampled Geometries
14 Optimized Geometry = ==~

Excitation Cross Section [10716 cm?]

0 200 400 600 800 1000
Incoming Energy [eV]

FIG. 3. Total IES cross section of an isolated water molecule
target (top) and its ionization (middle) and excitation (bottom) con-
tributions. (Red) Result obtained at the optimized isolated water
geometry for 100 random projectile directions. (Blue) Result ob-
tained for 200 geometries sampled from the ground-state Wigner
distribution for random projectile directions. Shaded areas represent
variation by up to one standard deviation.

are practically identical whether or not structural fluctuations
are taken into account. For the present study, we therefore con-
sider differences in the cross sections due to internal structural
fluctuations to be negligible.

B. IES in liquid water
1. IES cross sections of sampled water clusters

Figure 4 shows the total IES CSs for the individual water
clusters (gray) and when averaged over the full set (red).
Here, the arbitrary orientation of the individual clusters

5 ‘ ‘
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45 Liquid phase b
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S 35 | Gas phase -+~ |
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E 25
g 2f
n
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FIG. 4. Total IES CS for individual, randomly oriented water
clusters (gray lines), averaged over all clusters (red line), and total
IES CS for an isolated water molecule (dashed black line). Also
shown are the excitation (blue) and ionization (green) contributions
of the IES CS for liquid water (solid) and an isolated water molecule
(dashed).

accounts for the sampling of the initial projectile direction.
For comparison, the total CS for an isolated water molecule
is shown (dashed black). As one can see, despite the
considerable fluctuation in the total CS (in particular, for
projectile energies below 200 eV) due to structural variations
of the solvation cage, the total CS for inelastic collisions in
liquid water seems, on average, almost identical to the one
for an isolated water molecule [24-26]. However, our results
show a significant enhancement of collisional ionization in
the liquid. Indeed, the IES CS corresponding to collisional
ionization is at its maximum almost 15% higher in the liquid
(solid green) than for an isolated water molecule (dashed
green). On the other hand, the excitation contribution is
considerably decreased in the liquid environment (solid blue)
in comparison to the isolated molecule (dashed blue) by
more than 40% at its peak value. This reveals a substantial
difference between the scattering by an isolated molecule and
a molecule in a liquid environment.

In Fig. 5, we show the IES CS decomposed into MO-
resolved contributions, i.e., only accounting for the formation
of a hole (mostly) localized on a given orbital. The results
show noticeable differences between the liquid environment
and the isolated molecule. The MO-resolved CSs all increase
relatively quickly starting at the first electronic excitation en-
ergy for the respective hole. For each hole type, a slightly
different maximum is reached, followed by a smooth decay
with increasing projectile energy.

As can be seen, neither in the liquid environment nor for
the isolated molecule do our calculations indicate any strong
preference in terms of hole creation in any of the three out-
ermost 1b;, 3a;, and 1b, orbitals. Also, in both cases the IES
CS involving the inner 2a; orbital is always notably weaker.
Remarkably, the relative ordering of the CS involving the out-
ermost electrons is different for isolated water and for water
in the liquid environment. Specifically, for the liquid case, at
projectile energies around 300 eV, the partial cross section for
a hole in the 1b, orbital is around 10% larger than for a hole
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FIG. 5. MO-resolved IES CSs for an isolated water molecule
(dashed line) and for a water molecule in the liquid phase (solid line).

in the 3a; orbital and 15% larger than for a hole in the 1b,
orbital. For the isolated water molecule, in contrast, the CS
is the largest for a hole in the 3a; orbital, which is about 5%
larger than the CS for a hole in the 1b, orbital and more than
20% larger than for a hole in the 1b; orbital. It is noted that
a contrasting picture is observed at very low projectile energy
due to the difference in first excitation and binding energies of
these individual electrons.

The IES CSs involving the 1b; and 1b, orbitals, respec-
tively, increase by about 7% and 4% due to the liquid envi-
ronment, whereas the IES CS for the 3a; orbital is decreased
by about 9%. Interestingly, both 1b; and 1b, orbitals display
polarization along the hydrogen bonds formed in the liquid.

In order to explore these trends, the electron-density
differences associated with the occupied (localized and re-
canonicalized) orbitals centered on the central water molecule
of a paradigm water pentamer and those of an isolated water
molecule are depicted in Fig. 6. As one can see, the electron
density associated with the 1b; orbital increases in the pen-
tamer along the directions pointing toward the (not depicted)
two hydrogen-bond donor solvent molecules and decreases
in the vicinity of the central oxygen atom. In the case of
the 1b, orbital, the liquid environment induces a polariza-
tion along the intramolecular OH bonds, leading to a local
increase of the electron density in the vicinity of the central
oxygen atom and a reduction of the electron density around
the hydrogen atoms, i.e., in the direction of the hydrogen-bond
acceptor solvent molecules. In contrast, polarization of the 3a,
orbital occurs mostly along the symmetry axis of the water
molecule. Finally, the polarization of the inner 2a; orbital is
more localized in the direct vicinity of the water molecule
and appears to be mostly occurring through a slight mixing
with the initial 3a; orbital. Quantitatively, these polarization
effects displace about 2%, 4%, 3%, and 2%, respectively, of
the electron density associated with the gas-phase 1b;, 3aj,
1b,, and 2a; orbitals.

Moreover, we compare the IPs for water in the liquid en-
vironment and isolated water in Table I, as obtained from our
calculation. As can be seen, polarization of the occupied MOs
of water due to the interaction with the solvating molecules in
the liquid leads to a slight decrease in IP for all the valence

Psai(penta.) - p3,i(gas)

¥
J . *0
M

Pinz(penta.) - pipy(gas)

Pipi(penta.) - pipi(gas)

P2ar(penta.) - Prai(gas)

FIG. 6. Difference of electron density between the (recanoni-
calized localized) occupied orbitals centered on the central water
molecule of a paradigm water pentamer and those of a gas-phase
water molecule. Red areas indicate an increase in electron density
in the pentamer, whereas blue regions indicate a decrease. Contour
value used in the plot: 0.001.

orbitals in comparison to an isolated molecule. Notably, in
reality, the IP of liquid water is lower and shows a much
stronger difference to the one for the isolated molecule due
to the dynamic polarization effect of the surrounding water
molecules, which is not considered in the calculations.

Overall, the reported changes in the electron densities and
the IPs are rather small and can likely not explain the rather
dramatic change of ionization versus excitation contributions
reported in Fig. 4. Instead, we can see that the computed
lowest excitation energies also reported in Table I show a
much stronger solvation effect, pointing toward the fact that
the impact of the solvation on the IES is much more due to
the wave function of the excited or released electron in the
final state. This can be linked to the fact that the repulsive
environment induced by the neighboring water molecules in
the liquid phase prevents the existence of a series of excited
Rydberg states.

TABLE I. Computed Koopmans’ ionization potentials and exci-
tation energies (in eV) for electrons in the four outermost orbitals of
an isolated water molecule and those of liquid water.

lb] 3211 1b2 2al
IP: gas 13.90 15.94 19.66 36.97
IP: liquid 13.77 15.73 18.93 36.11
E: gas 8.74 10.94 14.48 31.91
Ey: liquid 10.15 12.52 15.51 33.02
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FIG. 7. MO-resolved IES SDCS for an isolated water molecule
(red) and a water molecule in liquid environment (blue), for an
electron projectile energy of 300 eV. The blue shade indicates cross-
section variations of up to one standard deviation of the SDCS
distribution across the set of sampled clusters. For the isolated
molecule, bound transitions were broadened using a Gaussian pro-
file of 2.0 eV full width at half maximum (FWHM), whereas the
ionization continua were reconstructed from the pseudocontinuum
transitions using the Stieltjes-imaging procedure. Vertical bars in-
dicate the IPs of the corresponding orbitals for water in the liquid
(dashed blue) and for an isolated water molecule (dotted red).

2. Energy-resolved inelastic electron scattering

To identify further differences between the IES for an
isolated water and for liquid water, we investigate the SDCS
resolving the probability of any given amount of energy to be
transferred from the projectile to the target. In Fig. 7, MO-
resolved SDCSs are reported for isolated water and water in
liquid environment considering a projectile energy of 300 eV.

Low-energy features of the IES SDCS correspond to
bound-to-bound excitations and are less sharp for the liquid
water due to the extra broadening stemming from structural
variations. In Fig. 7, changes in SDCS due to fluctuation of
the local environment in the liquid are depicted by the blue
shaded areas (standard deviations). In the region of larger
transferred energy, i.e., in the region describing the ejection
of a secondary electron with sufficiently large kinetic energy,
these structural fluctuations have almost no impact on the
collision, so variations of the SDCSs at transferred energies
above 50 eV are very small.

Comparing the results for liquid water with those for an
isolated water molecule, one observes that, for the 1by, 3a;,
and 1b; orbitals in liquid water, the onset of the IES SDCS is
slightly shifted toward higher transferred energy. This effect

reflects the fact that the first excitation energy is generally
larger for the molecule in the liquid environment than for the
isolated molecule (see Table I). Overall, due to these shifts in
the excitation energy, the IES SDCS is at these low transferred
energies consistently smaller for the molecule in the liquid
environment than for the isolated molecule, for all the outer
bound molecular orbitals. At transferred energies above the
ionization threshold (dashed and dotted lines), the IES SDCS
is, in contrast, generally somewhat larger for the liquid than
for the isolated molecule. Remarkably, the effects of the liquid
environment on the IES are clearly beyond a global energy
shift. Overall, we see that for each individual orbital, excita-
tion and ionization contributions are altered considerably. The
changes compensate each other in a way that the differences
in the total scattering cross section are rather small.

From the perspective of a projectile electron with a ki-
netic energy around 300 eV, the liquid-environment-induced
changes imply a trend toward a somewhat larger energy loss
that overall does not seem very dramatic. For simulating
scattering dynamics, however, it is crucial whether the target
molecule is excited or ionized and to what degree low-energy
electrons are released through collisional ionization, since
they can cause further IES events.

To go toward the simulation of the collisional-cascade dy-
namics, the characteristics of IES need to be described over a
large collision-energy window, because in each collision that
incident projectile electron loses part of its energy. Thus, as a
final result, we report the complete scan of the IES SDCS for
liquid water for projectile energies up to 1000 eV. In Fig. 8(a),
the IES SDCS is reported as a function of projectile energy
and transferred energy. Such a map illustrates the perspective
of the projectile electron, displaying how much energy it
loses in each collision. Across the range of collision energies
investigated, the IES CS is strongest for transferred energies
between ca. 10 and 45 eV. This energy range corresponds to
bound-to-bound excitations as well as ionization into the low-
energy continuum. Scattering events involving the creation of
a hole in one of the three outermost 1b;, 3a;, and 1b, orbitals
materialize as the region of very large SDCS at transferred
energies between 10 and 30 eV, whereas collisions involving
the deeper 2a, orbital are responsible for the weaker structures
between 35 and 45 eV.

In Fig. 8(b), the molecular aspect of IES is highlighted
in the structure of the SDCS. Here, we show the SDCS as
a function of the projectile energy and the energy actually
deposited in the molecular target, i.e., not accounting for the
energy transferred to the ejected electron in case of collisional
ionization. In this representation, the SDCS clearly displays
four excitation bands, each corresponding to one of the four
outermost occupied orbitals of the target water molecule and
converging to their corresponding IP.

Finally, in Fig. 8(c), we relate the IES SDCS to the be-
havior of the electrons in the target. In this representation,
the SDCS is plotted as a function of the projectile energy
and the energy of the excited/ejected electron. A negative en-
ergy indicates that the target becomes electronically excited,
whereas positive energies indicate ionization and represent the
kinetic energy of the released secondary electron. From such
a picture, one can clearly observe that collisional ionization
dominates the IES process at almost every projectile energy.
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FIG. 8. IES SDCS of liquid-phase water as a function of the
incoming electron energy and (a) the energy transferred from the
projectile to the scattering target; (b) the energy deposited in the
molecular target; and (c) the final energy of the excited or ejected
electron. Results were averaged over the 50 randomly sampled clus-
ters. Bound transitions were broadened using a Gaussian profile of
2.0 eV FWHM, whereas the ionization continua were reconstructed
from the pseudocontinuum transitions using Stieltjes’ imaging.

Secondary electrons are most likely ejected with a kinetic
energy below 20 eV. In particular, at collision energy greater
than 200 eV, emission of such slow secondary electrons cap-
tures about 65% of the collisional ionization CS. The fraction
of low-energy electrons (kinetic energy below 20 eV) greatly
increases with lower impact energy (about 75% at 100 eV and
more than 90% below 50 eV).

IV. CONCLUSION

In this paper, we present an approach to computing in-
elastic electron-scattering cross sections in condensed phase
and apply it to liquid water. Our method is based on a pseu-
docontinuum approach to describe ionization, allowing the
final state of the system to be described in the framework
of standard quantum-chemistry methods. We emphasize the
molecular aspect of the process by resolving individual exci-
tation channels as well as the transition from the excitation to
the ionization regime. This contrasts with other methods that
focus purely on electron-impact-induced ionization events by
employing a continuum wave for the description of the final
state of the target. These approaches cannot be straightfor-
wardly applied to condensed-phase systems. In contrast, our
approach provides a path toward a description of IES events
with molecular-hole-state resolution that is more naturally
applicable to the condensed phase.

For isolated water molecules, our calculation results show
good agreement with measured ionization cross sections.
For liquid-phase calculations, we computed total and hole-
resolved single differential cross sections for the IES process,
drawing a full molecular picture of IES events in this medium.

A comparison reveals differences between liquid-phase
and gas-phase IES cross sections. Specifically, we find that
electron-impact-induced excitation is suppressed in the liquid.
This is compensated by a larger impact-induced ionization
CS. Overall, these effects compensate each other in the total
(i.e., excitation and ionization) IES cross section. For the hole-
resolved total IES cross section, we find differences between
the liquid phase and the gas phase below 10%.

The observed changes are shown to stem from nontrivial
modifications of the IES single differential cross sections in
the liquid and are expected to have considerable impact for
the modeling of ionization cascades in liquid water: Since
the liquid environment enhances the electron-impact-induced
ionization CS, considerably more secondary electrons are
released than one would expect from the CS computed for
isolated water molecules.
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APPENDIX A: RESTRICTED CIS FOR IES CLUSTER
CALCULATIONS

In this Appendix, we assess the effect of restricting the
CIS calculation to only single excitations involving electrons

033229-9



FERTE, SANTRA, AND INHESTER

PHYSICAL REVIEW RESEARCH 8, 033229 (2026)

4 T T

Kol Unrestricted CIS ——
g Central only CIS ——
o 35 Peripheral only CIS i
To Central + Peripheral CIS

o 3

(]

=

= 25

g

2

15}

|72] 2 F

v

%

<}

S

s 1.5 |

©

H

1 ! ! ! !
0 100 200 300 400 500

Incoming Energy [eV]

FIG. 9. Total inelastic scattering CS per scattering molecule for
an isolated tetrahedral water cluster (H,O)s computed at the CIS
level. (Black) Including all possible single excitations. (Red) In-
cluding only single excitations from MOs localized on the central
molecule. (Blue) Including only single excitations from MOs lo-
calized on a peripheral water molecule. (Dashed purple) Weighted
average of central and peripheral contributions.

localized on the central water molecule of a cluster. To do so,
we computed the IES total cross section for a prototypical
tetrahedral water pentamer with and without applying such
a restriction. For the IES calculation, we proceeded following
the same approach as described in the main body of this article
but we also performed the recanonicalization procedure for
the four peripheral water molecules.

In Fig. 9, we report the total IES CS per water molecule
computed from the full pentamer, i.e., including single exci-
tations from all occupied valence orbitals (black) as well as
from the central water molecule only (red) and from the four
peripheral water molecules (blue). As one can see, the CS
obtained from the restricted calculations (dotted purple) is al-
most identical as performing the full cluster calculation. This
shows that the description of IES is not biased by decoupling
the various scattering centers from each other.

In the liquid, every water molecule should be indistinguish-
able from any other water molecule up to the fluctuations
of their local environment. However, in the present cluster
calculation, it is clear that the peripheral molecules behave
differently than the central one. These differences can be
in part attributed to the differentiated treatment of their re-
spective electronic structure due to the basis set favoring the
central water molecule through the complementary Kaufmann
functions. However, the main source of physical discrepancies
between central and peripheral water molecules in our cluster
calculation is the incomplete solvation shell experienced by
the molecules at the boundary of the quantum mechanical
region; only the central water molecule in the cluster experi-
ences a true liquidlike environment. We thus stress that this
decoupling is not a mere computational trick but a critical
step to isolate the physical contributions of the central water
molecule.

To further evaluate the quality of the description of the
electronic structure of the target, we present in Fig. 10 the
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FIG. 10. Density of cationic states for the central water molecule
computed at the one-hole CI level for various basis sets and QM
regions (see text) considering the 50 sampled water clusters. Indi-
vidual state contributions were convolved with a Gaussian profile of
1 eV FWHM. The shaded area shows the standard error due to finite
sampling.

density of cationic states for the central water molecule. These
were computed at the one-hole—configuration-interaction
level including as explicit molecules in the quantum calcu-
lation either only the water molecules up to the first solvation
shell (as in the main body of this paper) or by including 16
water molecules, i.e., up to the second solvation shell. We also
investigated the influence of adding Kaufmann basis functions
to the basis set of the central O atom. As can be seen, inclusion
of the second solvation shell in our model has no noticeable
effect on the density of hole states, whereas the Kaufmann
basis functions induce a sub-eV shift of the different peaks.
A comparison with photoelectron spectra of liquid water [62]
reveals that while the 1b; peak width is in agreement with
our simulated density of states, our model underestimates the
broadening of the 3a; and 1b, peaks. This behavior is likely
caused by the freezing of the internal degrees of freedom
of the individual water molecules in our cluster sampling
procedure.
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FIG. 11. Convergence of the total IES CS with respect to the size
of the basis set for the water molecule in the center of an optimized
tetrahedral water pentamer.
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APPENDIX B: BASIS-SET CONVERGENCE OF CLUSTER
CALCULATIONS

In Fig. 11, we report a basis-set convergence test for
the cluster calculation. The total IES CS was computed
for the central molecule of an optimized tetrahedral wa-

ter pentamer for different basis sets. As can be seen,
a similar behavior is observed as for the isolated water
molecule; i.e., convergence is reached for the 6—31G* ba-
sis supplemented with 10s, 10p, 10d, and 5f Kaufmann
functions.
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