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Orientation and alignment effects in electron-induced ionization of a single oriented water molecule
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We here report a theoretical study about the orientation effect on the total ionization cross sections for a
single oriented water molecule. The theoretical description of the ionization process is performed within the first
Born framework with a collisional system including an initial state composed of a projectile and a water target
molecule described by a plane wave and an accurate one-center molecular wave function, respectively, and a
final state constituted by a slow ejected electron represented by a Coulomb wave and a scattered (fast) electron
projectile described by a plane wave. Secondary electron energetic distributions as well as total cross sections
are then compared for particular target configurations pointing out strong alignment and orientation effects on
the description of the ionization process.
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I. INTRODUCTION

Target orientation effects on electron-induced ionization
and fragmentation of molecules have been the subject of scarce
experimental as well as theoretical investigations. In a general
way, for high-enough projectile velocities, the reaction time
τ (∼=10−16 s) remains considerably shorter than the rotational
and vibrational periods of the molecules which permits us
to assume that the impacted target molecule remains frozen
during the collision [1,2]. Under these conditions, for the case
of diatomic targets, the initial orientation of the molecular axis
can be experimentally derived from the measured fragment
velocity vectors and the ionization cross section studied
as a function of the alignment of the molecular axis with
respect to the electron beam. On this matter, this progress
is essentially due to the use of the coincidence multihit
cold-target recoil-ion-momentum spectroscopy (COLTRIMS)
imaging technique, which made possible the study of the
different dissociation channels with, in particular, the mo-
mentum detection of the target fragments following molecular
dissociation [3].

The existing studies remain, up to now, essentially focused
at the multidifferential scale for simple molecules like H2

impacted by electrons [4] or positrons [5] and to the best
of our knowledge only a few studies have reported total
ionization cross sections for oriented molecules since the
pioneering works of Kasai et al. [6] dedicated to indirect
ionization induced by a 700 eV electron beam. Furthermore,
let us cite the more recent work of Aitken et al. [7] where the
authors investigated the ionization of the prolate symmetric top
molecule CH3Cl impacted by 200 eV electrons to determine
the production of the molecular CH3Cl+ and the fragmentation
product CH3

+. The ionization cross section for the CH3Cl+
formation was then found higher at the positive end of
the molecule whereas the observed cross section for the
formation of the CH3

+ fragmentation product was relatively
independent of the target orientation. On the theoretical
side, let us mention the recent work provided by Kretinin
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et al. [8] where total inelastic and integrated cross sections
were reported within a Born-Bethe-type approximation and
that performed by Gorfinkiel and Tennyson [9] where cross
sections for the electron impact ionization of H3

+ and H2

molecules were determined by using the molecular R-matrix
method with pseudostates. Finally, the orientation effect on
single-electron-induced ionization was also studied by Stia
et al. [10] who pointed out that the interference structures
coming from the two-center geometry of the target molecule,
namely, the H2 molecule, were markedly dependent on the
molecular orientation as already observed by other authors for
heavy ion impact [11].

For single oriented water molecules there are no investiga-
tions except the very recent three-dimensional mapping of pho-
toemission provided by Yamazaki et al. [12] in which the O1s

photoelectron angular distributions from a single oriented H2O
molecule were studied in detail. The experimental results also
obtained within the quadruple coincidence framework clearly
revealed the anisotropic feature of the photoionization dynam-
ics. The lack of experimental information makes reliable theo-
retical predictions valuable. In this context, we have previously
reported multidifferential cross sections for the (e,2e) process
on a single oriented water molecule within the framework of
the first Born approximation and clearly identified a molecular
orientation effect on the angular distributions of the secondary
ejected electron for three particular geometric configurations,
namely, a “parallel,” an “antiparallel,” and a “perpendicular”
configuration which correspond to three target positions
differing by the position of the hydrogen atoms with respect
to the incident electron beam. Secondary electron angular
distributions were then investigated in detail for each ionized
molecular subshell via eightfold differential cross-section
calculations and have evidently demonstrated their relative
predominance with respect to the target orientation [13,14].

In the present work, we aim to point out that the molecular
orientation is still crucial when less differential ionization
cross sections are investigated, namely, in terms of secondary
electron energy distributions (and more particularly the mean
kinetic energy transfer) and total cross sections.

In the sequel, we deal with the theoretical model developed
here for calculating the total ionization cross sections for
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a single oriented water molecule impacted by electrons.
The obtained results are then reported and analyzed and a
conclusion about the influence of the molecular orientation on
the ionization process is drawn.

In the following sections atomic units (a.u.) are used
throughout unless indicated otherwise.

II. THEORY

The water molecule ionization process considered here can
be schematized by

e− + H2O → 2e− + H2O+, (1)

and regarded as a pure electronic transition since the closure
relation over all possible rotational and vibrational states
of the residual target can be applied. This assumption
is completely justified by the previously reported relation
between the collision time τ and the characteristic rotation and
vibration times [2]. Furthermore, the scattered electron being
always faster than the ejected one (for all the kinematical
configurations here investigated), we will neglect the
exchange effects in the theoretical approach developed in the
following. These latter can be nevertheless included in further
developments via, for example, the inclusion of the Gamow
factor as previously done in [15].

Thus, similarly to our previous studies devoted to water
molecule ionization by charged particles [16–18], the oriented
water molecule is here described by means of single-center
molecular wave functions [19,20] whose angular and radial
parts are expressed by real solid harmonics [21] and Slater-type

functions, respectively. The ten bound electrons of the water
target molecule are then distributed among N (= 5) molecular
orbitals, referred to in the following by their spectroscopic de-
nomination 1b1, 3a1, 1b2, 2a1, and 1a1, whose corresponding
ionization potentials are 0.4954, 0.5561, 0.6814, 1.3261, and
20.5249, respectively (for more details we refer the reader to
our previous works [13–17]).

In this context and following the terminology used in [13],
we have first calculated the eightfold differential cross sections
(denoted in the following 8DCS), namely differential in the
energy of the ejected electron Ee, differential in the direction
of the ejected electron �e, differential in the direction of the
scattered particle �s , and differential in the molecular orien-
tation �Euler, this latter being expressed by means of the Euler
angle triplet (α,β,γ ) via d�Euler = sin β dα dβ dγ . Within the
first Born approximation, the 8DCS are then expressed as

d8σ

dEed�ed�sd�Euler
=

5∑
j=1

d8σj

dEed�ed�sd�Euler

= 1

(2π )5

5∑
j=1

keks

ki

∣∣[Tif ]j
∣∣2

, (2)

where the momenta ki , ks , and ke, respectively, related to the
incident, the scattered, and the ejected electron, depend on
the corresponding energies through the relations k2

i = 2Ei ,
k2
e = 2Ee, and k2

s = 2Es .
Under these conditions and keeping in mind that we

describe here the incident and the scattered electrons by a
plane wave and the ejected one by a Coulomb wave, Eq. (2)
takes the convenient form

d8σ
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=
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d8σj
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=
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− 1
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ljk
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2

, (3)

with

�ljk,mjk,µ(α,β,γ ) = D
ljk

µ,−mjk
(α,β,γ ) − D

ljk

µ,mjk
(α,β,γ )√

2
if j = 1 (i.e. for the 1b1 orbital),

�ljk,mjk,µ(α,β,γ ) = i.
D

ljk

µ,mjk
(α,β,γ ) + D

ljk

µ,−mjk
(α,β,γ )√

2
if j = 3 (i.e. for the 1b2 orbital),

�ljk,mjk,µ(α,β,γ ) = D
ljk

µ,mjk
(α,β,γ ) + D

ljk

µ,−mjk
(α,β,γ )√

2
δmjk,2 + D

ljk

µ,mjk
(α,β,γ )δmjk,0 otherwise.

Note that all information about the molecular orientation is included in the rotation matrix D
ljk

µ,mjk
(α,β,γ ) given by

D
ljk

µ,mjk
(α,β,γ ) = e−imjkαd

ljk

µ,mjk
(β)e−iµγ , (4)

where d
ljk

µ,mjk
(β) is given by the Wigner formula

d
ljk

µ,mjk
=

τ∑
t=0

(−1)t
√

(ljk + µ)!(ljk − µ)!(ljk + mjk)!(ljk − mjk)!

(ljk + µ − t)!(ljk − mjk − t)!t!(t − µ + mjk)!
ξ 2ljk+µ−mjk−2t ∗ η2t−µ+mjk, with

{
ξ = cos(β/2),
η = sin(β/2). (5)
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The symbols X
l,le
jk ,X′

jk,A
ljk,µ

le,me,l,m
reported in Eq. (3) are given by

A
ljk,µ

le,me,l,m
= (−1)me

√
l̂e l̂ l̂jk

4π

(
le l ljk

0 0 0

) (
le l ljk

−me m µ

)
with l̂ = 2l + 1, (6)

X
l,le
jk =

∫ ∞

0
drrFle (ke,r)jl(qr)fjk(r), (7)

and

X′
jk =

∫ ∞

0
drrFljk

(ke,r)fjk(r), (8)

where q = ki − ks denotes the transfer momentum.
In Eqs. (7) and (8), Fl(ke,r) denotes the well-known radial regular function whereas jl(qr) and fjk(r) represent the Bessel

function and the radial part of the kth component of the j th molecular orbital, respectively. Furthermore, note that in Eq. (3) σl

represents the Coulomb phase shift.
In a subsequent step, 6DCS are obtained via an analytical integration of the 8DCS over the ejection direction �e ≡ k̂e. These

latter may be simply expressed as
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(9)

where Re[z] denotes the real part of the complex z.
Finally, total ionization cross sections for a single oriented

water molecule, namely, the differential cross sections referred
to as d3σ

d�Euler
, are then obtained by numerical integrations of the

6DCS over the scattered direction �s ≡ k̂s and the kinetic
energy transfer Ee.

III. RESULTS AND DISCUSSION

The present work aims to highlight the influence of the
molecular target orientation on the ionization process. To do
that, we investigate here the particular orientations of the water
molecule defined by means of the Euler angles (α,β,γ ) from
an initial orientation (α,β,γ ) = (0,0,0), which corresponds
to a molecule sited in the yz plane with its bisecting line
along the z axis (see Fig. 1), and obtained by a β rotation
around the y axis (with β ranging from 0 to π/2) by keeping
α = γ = 0. This transformation will be denoted Ry(0,β,0) in
the following. Finally, note that in all the cases investigated
here the incident momentum ki is collinear to the z axis.

Studying the orientation effects on the ionization process
for a single oriented molecule requires discriminating each

(α,β,γ ) = (0,0,0)
H2O molecule in the yz plane

x
y

z

yz plane

xz plane

xy plane

β (0 − π/2)

FIG. 1. (Color online) Schematic representation of the ini-
tial water molecule orientation (α,β,γ ) = (0,0,0) as well as
the particular rotation Ry(0,β,0) investigated in the present
work.
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FIG. 2. Left panel: Total ionization cross sections of the 1b1 molecular orbital for particular orientations defined by the β angle (ranging
from 0 to π/2). Right panel: Variation of the total ionization cross sections of the 1b1 molecular orbital with the β angle for several incident
energies. Curves are normalized at β = 0.

molecular subshell contribution, this latter being dependent
on the relative alignment of the impacted orbital with respect
to the incident beam. Under these conditions, we successively
report in the following a detailed exam of the ionization of
each of the four outermost subshells of the water molecule for
a target orientation defined via the Ry(0,β,0) rotation with β

ranging from 0 to π/2.
Let us first consider the outer molecular subshell, namely,

the 1b1 orbital. This latter is mainly governed by a 2p+1 orbital
(≈99.57%) and then corresponds, in the present molecular
description based on real solid harmonics, to an orbital
collinear to the x molecular axis (see [36] for more details).
This orbital type will be denoted PX in the following. Thus,
applying the Ry(0,β,0) rotation on the 1b1 orbital means going
from an initial configuration where the orbital is sited on the
xy plane to a final configuration where the orbital is sited on
the yz plane, as shown below in Eq. (10) where the Ry(0,β,0)
transformations were summarized

Ry(0,π/2,0) :

⎧⎪⎨⎪⎩
PX → PZ,

PY → PY ,

PZ → PX.

(10)

Figure 2 (left panel) reports the calculated total ionization
cross sections for the 1b1 orbital. The evident influence of the
orbital alignment on the ionization process may be observed,
in particular, in magnitude. Indeed, it clearly appears that
at low and intermediate collision energies (Ei < 100 eV)
the highest cross sections are obtained when the impacted
orbital is collinear to the beam axis (the z axis), namely, for
β = π/2 whereas at high collision energies (Ei > 100 eV),
the highest cross sections are observed for β = 0 for a
target orbital perpendicular to the beam axis. This previously
reported behavior can be simply explained by geometrical
considerations. Thus, at low and intermediate energies, the
incident electron is sensitive to the orientation of the impacted
orbital and the ionization process is privileged when the
orbital is aligned with the incident electron momentum

revealing then a direct reflection of the anisotropic distributions
of the electron density of the impacted molecular orbital.
On the contrary, as the electron energy increases, the ionization
process is dominant when the target orbital is perpendicular
to the incident beam (i.e., when the geometrical cross section
is the highest), which meets the observations already made
by many authors studying ion-induced ionization of diatomic
molecules who reported a slight increase at perpendicular
orientation of the target molecule [21]. This particular feature
is clearly highlighted in Fig. 2 (right panel) where the variation
of the ratio σ (0,β,0)/σ (0,0,0) versus the β angle for different
incident energies is reported.

Furthermore, in Fig. 2 (left panel), we also observe that the
position of the maxima, denoted Emax

i , is shifted toward the low
incident energies all the more that the impacted orbital tends to
be aligned with the axis beam. Thus, we find that Emax

i ranges
from 48 eV for the parallel orientation (β = π/2) to 72 eV for
the perpendicular orientation (β = 0). This behavior can also
be interpreted from Fig. 2 (right panel) where it is shown that
the main contribution at perpendicular orientation comes from
the lower impact energies producing thus the corresponding
shift in the position of the maxima.

Considering the 3a1 orbital whose major component is
2p0 (≈93.36%, the remaining being essentially governed by
a 1s-2s component ≈5.14%) denoted PZ in the following, we
obviously observe the opposite trends. Indeed, following the
transformations of the Ry(0,β,0) rotation reported in Eq. (10)
according to which a PZ orbital becomes a PX one, it is evident
that the present orbital is rotated from the yz plane to the xy

plane. In these conditions, the 3a1 orbital, initially aligned
with the incident electron beam, now becomes perpendicular
to the incident electron momentum (β = π/2), which leads
to total cross sections whose maxima are located at (β = 0)
for an orbital orientation parallel to the incident beam at low
and intermediate collision velocities whereas at high impact
velocities the cross sections are dominated for perpendicular
alignment to the incident beam (β = π/2). Note that the low
1s-2s contribution is obviously not concerned by the β-angle
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FIG. 3. Left panel: Total ionization cross sections of the 3a1 molecular orbital for particular orientations defined by the β angle (ranging
from 0 to π/2). Right panel: Variation of the total ionization cross sections of the 3a1 molecular orbital with the β angle for several incident
energies. Curves are normalized at β = 0.

rotation and therefore does not participate in this alignment
effect (see Fig. 3).

A similar study has also been performed for the 1b2

molecular state mainly governed by a 2p−1 orbital (≈93.75%)
and therefore denoted PY in the following. In this case, it is
clear that the rotation Ry(0,β,0) will not change the orientation
of the molecular orbital, which then remains aligned with
the y axis. However, the calculated total cross sections
exhibit a slight dependence versus the target orientation that
may be explained by the fact that the 1b2 orbital is not
a pure 2p−1 molecular state, but presents a nonnegligible
3d−1 component (≈5.63%), which corresponds in the present
real solid-harmonics-based description to four lobes sited in
the yz plane. In these conditions, this “extra” component
appears as in the collision plane for β = 0, whereas it is
perpendicular to the incident electron beam for β = π/2,
which results at low and intermediate collision velocities in

a minimum for the ionization probability located at β = π/2
as observed in Fig. 4. Once more, we observe that the
perpendicular orientation dominates when the impact energy
increases.

Finally, the 2a1 molecular state, mainly governed by a 1s-2s

component (≈95.30%) with nevertheless a nonnegligible 2p0

(i.e., a PZ) contribution (≈3.77%), shows a pronounced mini-
mum for β = π/2 at low and intermediate impact energies,
whose explanation is similar to that given previously for
the 1b2 orbital, namely, a minimal total ionization cross
section observed for a perpendicular orientation of the low
2p0 component (i.e., for β = π/2). This minimum appears to
be more pronounced as the incident electron energy is low.
This is coherent with the above-reported remark according to
which the electron is more sensitive to the particular orientation
of the impacted orbital as its incident energy is low. For
high impact energies (i.e., for Ei > 300 eV) a slight increase

FIG. 4. Left panel: Total ionization cross sections of the 1b2 molecular orbital for particular orientations defined by the β angle (ranging
from 0 to π/2). Right panel: Variation of the total ionization cross section of the 1b2 molecular orbital with the β angle for several incident
energies. Curves are normalized at β = 0.
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FIG. 5. Left panel: Total ionization cross sections of the 2a1 molecular orbital for particular orientations defined by the β angle (ranging
from 0 to π/2). Right panel: Variation of the total ionization cross section of the 2a1 molecular orbital with the β angle for several incident
energies. Curves are normalized at β = 0.

is shown at β = π/2 in Fig. 5 (right panel), which is coherent
with the previous observations as well as those reported by
many authors for ion-induced ionization of diatomic molecules
[21].

Correlatively, it seemed pertinent to us to study the variation
of the mean kinetic energy transferred 〈Ee〉 during the
ionization process as a function of the relative orientation
of the ionized orbital. Figure 6 reports the calculated mean

FIG. 6. Variation of the mean kinetic energy 〈Ee〉 released during the ionization process versus the incident electron energies for the four
outermost water molecular orbitals and for the two extreme β-angle values here investigated, namely, β = 0 and β = π/2.
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FIG. 7. Left panel: Total ionization cross sections of the water molecule for particular orientations defined by the β angle (ranging from 0
to π/2). Right panel: Variation of the mean kinetic energy released during the ionization of the water molecule with the incident energies for
the two extreme values of the β angle here investigated β = 0 and β = π/2.

kinetic energy transferred during the collision as a function of
the β angle deduced from the oriented singly differential cross
sections, these latter being obtained after integration over all
possible ejected electron momenta. A strong alignment effect
on the energy deposition may be observed, undoubtedly origi-
nating from the anisotropy of the electron density distribution.
Thus, on the basis of a simple physical argument, we observe
that the kinetic energy transfer is greater when the orbital is
aligned with the incident beam (β = π/2 and β = 0 for the
1b1 and the 3a1 orbital, respectively), giving then an estimation
on the close encounter character of the collision since, in this
case, the projectile has a higher probability to “encounter”
target electrons and then to induce a higher kinetic-energy
transfer. In fact, when the orbital is oriented along the beam,
the probability of a large energy deposition is greater than
for an orientation perpendicular to the beam because the
projected electron density sampled by the projectile is larger.
Moreover, it is clear that for parallel alignment the emission
of faster electrons in the incident beam direction is facilitated
considering that the secondary electrons will be preferentially
ejected in the z direction. On the contrary, for perpendicular
alignment, the mean kinetic energy transferred is smaller than
for parallel orientation, indicating that the large encounter
contributions may play an important role. This is in agreement
with the geometrical interpretation of large cross sections at
high impact velocities.

For the other orbitals, the mean kinetic energy trans-
fers are slightly influenced by the orbital orientation and
then exhibit a quasi-independence versus the β angle,
namely, 0.99 <

〈Ee〉(0,0,0)
〈Ee〉(0,π/2,0) < 1.04 for the 1b2 orbital and

0.98 <
〈Ee〉(0,0,0)

〈Ee〉(0,π/2,0) < 1.04 for the 2a1 orbital (see Fig. 6).
Nonetheless, let us note that here again, the maximum
observed for these two cases correspond to the alignment of
the minor molecular components, namely, the 3d−1 (≈5.63%)
and the 2p0 (≈3.77%) ones with the electron beam, the major
contributions (respectively, 2p−1 and 1s-2s) remaining always
perpendicular to the incident electron direction.

Let us mention that the inner shell 1a1 is not studied here
since it exhibits a pure 1s component (≈100%) and then leads
to an isotropic total ionization cross section.

In Fig. 7, we report the summation of all the molecular
subshell contributions to observe the overall behavior of
the water molecule with respect to its orientation versus
the incident electron beam. As expected, the contributions
of the 1b1 and 3a1 molecular states annul each other leading to
a final feature for the ionization of an oriented water molecule
taken from the 1b2 and, in a lesser extent, from the 2a1

contributions. Thus, we obtain a maximal cross section for
β = 0 (i.e., for a molecule sited in the yz plane) namely,
the collision plane. Furthermore, the mean kinetic-energy
transfers exhibit a quasi-independence versus the molecule
orientation.

Finally, note that the total ionization cross sections obtained
by averaging over all possible molecular orientations were
shown to be in good agreement with the experimental data
from 10 to 10 keV [17].

IV. CONCLUSION

The scope of the current work was to theoretically in-
vestigate how target orientation might affect the ionization
process for isolated water molecules. In the first Born ap-
proximation and by using an accurate one-center molecular
target wave function, we have here reported strong alignment
effects, in particular when the water molecule ionization
process was studied orbital by orbital. Indeed, for each
molecular subshell the observations reported here in terms
of preferential orientations for ionization induction as well
as kinetic-energy transfers (δ electrons) were qualitatively
explained.

Thus, we have shown that at low and intermediate collision
energies (Ei < 100 eV) the ionization process was privileged
for impacted orbitals aligned with the incident electron
momentum revealing then a direct reflection of the anisotropic
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distributions of the electron density of the molecular orbitals.
It has also been reported that this effect was inverted for
increasing projectile energies. This behavior has been also
observed for low-degree ionization of diatomic molecular
targets by ion impact. However, when “macroscopic” observa-
tions were made, namely, without discriminating the different
molecular subshell contributions, we clearly exhibited that the
ionization process was quasi-isotropic without any privileged
water molecule direction.

Finally, note that at this stage no direct comparison
with the experiment is possible and we hope that these

current predictions will be in the near future confirmed by
experimental observations.
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