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Abstract. We report a quantum dynamical treatment of the vibrational excitation of the bending mode of
water molecules by collision with low energy positrons in the energy regions close to threshold openings.
The exact vibrationally coupled-channel equations derived for the total e™ — HoO system are solved in
a Body-Fixed-Vibrational-Coupled-Channels (BF-VCC) reference frame, using a single-center expansion
of the total wavefunction and of the interaction potential. The vibrationally inelastic cross-sections for
transitions from the ground to the lowest excited state of the bending mode clearly show the bending
excitation channel to be the dominant inelastic process at low collision energies. Comparisons with our
earlier calculations for the other modes and for the excited processes induced by electron impact are also

presented and analysed.

PACS. 34.85.4+x Positron scattering — 34.90.4+q Other topics in atomic and molecular collision processes
and interactions (restricted to new topics in section 34) — 34.80.-i Electron scattering

1 Introduction

Collision systems involving the water (H2O) molecule as
a partner are of significant, practical interest in a variety
of fields like plasma processing, radiation physics, atmo-
spheric physics, and biological matter (see e.g. [1,2]). In
particular, the vibrational excitation of the normal modes
is an important mechanism because excited molecules are
prominent in other, ensuing reactive processes [3,4]. When
dealing with low incident energies of the leptonic projec-
tiles like electrons (e™) and positrons (e™), most of the
energy transfer occurs, as we shall see, at collision en-
ergies of less than a few tens of electron volts, thereby
making such processes even more relevant at the chemical
level. As a result of the fundamental interest held by the
role of vibrations in so many research domains there has
been quite a number of measurements ([5-8] and refer-
ences therein) and calculations (e.g. [9-11] and references
quoted there) which have dealt with the features of vi-
brationally inelastic cross-sections for electrons on HoO.
In the case of positrons, on the other hand, no excitation
cross-sections for HoO target have been reported so far,
both theoretically and experimentally, apart from a brief
discussion of its stretching modes behaviour recently car-
ried out by us [12].

The H5O molecule is a polar target that belongs to the
Cs, point group and possesses three different vibrational
modes: the symmetric stretching (v71), the bending ()
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and the antisymmetric stretching (v3). Since all modes
are infrared (IR) active, and therefore an additional long-
range interaction due to the induced dipole moment is
playing an important role in the processes, we shall further
analyse this feature more in detail (see Tab. 1). Further-
more, due to remarkable developments in experimental
techniques, very recently measured electron energy loss
spectra obtained with 10 meV of FWHM have revealed
that the r3 mode is excited much less than the v; at low
energies (between 0.05-3 eV above the thresholds [§8]). In
the case of the positrons, however, the higher resolution
required is not yet available since the current best resolu-
tion of measurements is around 18 meV of FWHM [13].
As a matter of fact, even in the case of electron scattering,
the excitations of the 11 and 3 modes have not been re-
solved, except for the very limited data recently measured
by Allan and Moreira [8].

These situations have thus stimulated the interest of
theoreticians and have spurred computations to provide
predictions and explanations on how the phenomenon is
occurring at the nanoscopic level. The vibrational excita-
tion processes are here considered as taking place among
the lowest energy levels of all the HoO modes, and there-
fore they could be treated as occurring separately within
each of the vibrations with different fundamental frequen-
cies and symmetries. This is clearly an important simpli-
fication that is usually justified in cases where resonant
effects play a negligible role and therefore for situations
where the direct excitation mechanisms could be thought
of as acting in a decoupled fashion among the different
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Table 1. Vibrational modes of HoO molecule.

Mode Frequency (eV) Irreducible Activity
exp. ¢ cal. representation
v1 (symm. stretch) 0.4535 0.4842 Aq Infrared
vy (bending) 0.1978 0.2235 Aq Infrared
v3 (antisymm. stretch) 0.4657 0.4948 B; Infrared

@ The recommended values based on experiments [28].

modes. Since positron projectiles are often considered not
to give rise to resonant processes in molecular environ-
ments [9], we decided to keep this decoupling approxima-
tion in our present study. We shall try to understand how
the separate vibrational excitation cross-sections depend
on the feature of the specific mode and on the charge of
projectile, without considering for the moment the fur-
ther complication coming from the mixing of modes. The
present work extends our earlier results on this system [12]
in the sense that (i) it completes the normal mode anal-
ysis by adding new results for the bending excitation,
and (ii) tries to compare in some detail the behaviour
of the positron-impact excitation cross-section with that,
already analysed by earlier experiments and calculations,
of electron impact excitation processes.

Since the experimental studies on electron-impact ex-
citation [8] indicate the (v = 0 — v’ = 1) transition to be
the dominant process and that the gas molecular targets
are taken to be, in the main, in their ground vibrational
states, we shall limit our present analysis to that computed
transition, although there is no computational limitation
in considering further excited states (either final or initial)
for the title molecule.

The following section outlines our theoretical approach
while Section 3 presents and discusses our results in rela-
tion with previous theoretical data obtained for electron-
impact excitation [14]. Our conclusions are summarized in
Section 4. Atomic units (au) are used throughout unless
otherwise stated.

2 The theoretical method
2.1 General outline

Since the details of the present theory have already been
reported by us [15,16], we provide here only a brief re-
minder of them. To obtain vibrational excitation cross-
sections we need to solve the Schrodinger equation of
the total system for the wavefunction ¥, at a fixed value
of the total energy FE. The total Hamiltonian is repre-
sented by the sum of operators that include the molecular
Hamiltonian, the kinetic energy for the scattered projec-
tile and the interaction between the incident projectile and
the target molecule. The molecular Hamiltonian only con-
sists of the rotational and vibrational parts, i.e. before and
after the collision the molecular electronic wavefunction is
always that of the ground state.

We further assume that the molecular orientation re-
mains fixed during the collision time, since the molecular
rotation is usually slower when compared with the veloc-
ity of the projectile at the energies we are considering.
This is called the fixed nuclear orientation (FNO) approx-
imation [17], and corresponds to ignoring the rotational
Hamiltonian. Then, the total wavefunction could be ex-
panded as

U(r|R)=7r"" Z Ut (1) Xiw () xn(R). (1)

lvn

Here x,, is the vibrational wavefunction of the molecule,
with the vibrational quantum numbers of the normal
modes represented by the index n, with n = (ny, na, n3)
for HoO. The variables R and r denote the molecular nu-
clear geometry and the position vector of the scattered
projectile from the center-of-mass of the target. The un-
known radial functions u;,,, describe the coefficients of the
scattered wavefunction of the projectile, and the X, are
the symmetry-adapted angular basis functions [16]. The
symbol v in equation (1) globally stands for the indices
specifying the irreducible representation and for those dis-
tinguishing its degenerate members. The symmetry of the
target initial state is labelled as |lorp).

After substituting equation (1) into the Schrodinger
equation of the total system under the FNO approxima-
tion, we obtain a set of full coupled-channel equations for
each uy,, (r) function that now explicitly includes the vi-
brational channels. These are called the body-fixed vibra-
tional close-coupling (BF-VCC) equations (see e.g. [15])

{d_21(1+1)

dr? r2

+ ki} Upn (1) =

2 Z (Ivn|VIU'V'D'Y wpprn (1), (2)

Uv'n'

where k2 = 2 (E — E®) with E’® being the energy of
the specific molecular state |n). We should further stress
that, given the low-level of vibrational excitation caused
by positron impact at the considered energies, the contri-
butions from intermode couplings have been disregarded.
Any of the elements of the interaction matrix in equa-
tion (2) is given by

(lV’n|V|ZIVI’nl> = Z <n|Vl0V0|nl>

lovo

y / 0F X1y ()" Xipuo (F) X (£). (3)
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Furthermore, in the present calculations we have also dis-
regarded the effects from both real and virtual Ps for-
mation during the scattering event. While the neglect of
intermode coupling may not be of major significance when
dealing with positron scattering at low energies where
(contrary to the electron case [18]) resonances are usu-
ally negligible, it is hard to assess the effects of neglecting
the additional “reactive” channel of Ps formation. The
only qualitative justification could be had by considering
the low collision energies we shall be examining (below
Ps formation) and by surmising that virtual excitations
are somewhat already “folded” within our modelling of
correlation-polarization forces [20]. Thus, we compute ma-
trix elements of the following type

(nVigwo 1) :/dR DXn(R)F Vigw, (| R) e (R)} (4)

for the ground state of the initial target, |lorp). This
method is essentially a generalization of the method pro-
posed long ago (called the “hybrid theory”) for the much
simpler case of a diatomic molecule [19]. When solv-
ing equation (2) under the usual boundary conditions,
we obtain the K-matrix elements and the corresponding
T-matrix. Therefore, the integral cross-section for the vi-
brationally inelastic scattering is given by

Qn—n') = 75 > 3 [T

oy Uy

(5)

where T}%7 . is one of the T-matrix elements (see Ref. [17]

for further details on the specific factors involved).

The interaction between the impinging projectile and
the molecular target is represented in the form of a local
potential. In the case of positron the interaction consists
of a sum of the V*! and a positron correlation-polarization
(VPeP) terms. To obtain the correlation-polarization terms
in the short range of the interaction region, we make
use of simple, parameter-free model potentials based on a
positron-electron correlation terms suggested by Boronski
and Nieminen [20] and connected to long-range polariz-
ability contributions similarly to what was done for elec-
tron as projectiles [21]. We have given many times be-
fore our own implementation of the above model (e.g.
see [15,16]) and therefore we will not be dwelling on it
here. Briefly, the VPP term is given using the correlation
energy £°°"" in the framework of a homogeneous electron
gas [22],

V”cp(rlR):d% {pxIR) e “[p (r|R)}, (6)

where p denotes the undistorted electron density of the
target. In our present formulation of this model, the
short-range VPP is connected smoothly to the asymptotic
form (VP! of its spherical component,when they cross at
distances of about 4.5a, from the molecular center-of-mass

ao(R)

Vpol (I' | R) ~r o — o

(7)
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Here, g is the spherical dipole component of the target
polarizability.

We have already noted that an incident positron has
the additional possibility of taking up one of the bound
electrons of the target molecule to form a positronium
(Ps) atom, when the collision energy is above the threshold
for the Ps formation energy (5.8 eV for HO). Throughout
the present study, however, no Ps formation channel has
been taken into account and the collision energies have
been considered as being below that threshold value.

It should also be noted that the above model of
correlation-polarisation forces in the case of positron-
molecule interaction is somewhat similar to the one
we have implemented to describe electron-H,O interac-
tion [14]. In that work we showed that the ensuing quan-
tum dynamics (the same employed in the present study)
provided a very realistic description of the vibrationally
inelastic scattering for e~ — HyO collisions. We thus ex-
pect that the present treatment for positron scattering
might also predict rather realistically the corresponding
vibrationally inelastic processes.

2.2 Numerical details

The target wavefunction of the electronic ground state
for HoO was calculated at the self-consistent field (SCF)
level by solving the Hartree-Fock (HF) equations for a
single-determinant representation of the target electrons.
We use our familiar single-center expansion method [23]
applied to a multicenter Gaussian-type orbital (GTO)
expansion, and the basis set employed was obtained
via the Gaussian 98 package [24]. The GTO basis sets
we have chosen are those of D95* type which consist
of (9s5pld)/[4s2p1d] for oxygen and (4s)/[2s] for hydrogen
which is the same as that employed in our very recent cal-
culations+ [12]. The H2O molecule is placed in xz-plane
and the z-axis is taken along the Cy symmetry axis with
the oxygen atom on the positive side.

The terms of the multipolar expansion of the interac-
tion potential in equation (3) were retained up to o maz,
and the scattered wavefunction of the electron in equa-
tion (1) was expanded, with the inclusion of the lowest
two vibrational states (000) and (100), (010) or (001),
up to lnae which yields inelastic cross-section values con-
verged within about 5%. For specific information on all
the required parameters and properties for each of the vi-
brational modes of the present work, see Table 2 and also
our earlier studies [12,14].

In order to solve the coupled-channel equations by
means of standard Green’s function techniques, equa-
tion (2) is rewritten as an integral equation (a Volterra
equation: for details, see [25,26]). Selected test of the vi-
brational close-coupling convergence were carried out at
specific energies: we found in both cases that the inclu-
sion of a third vibrational state (i.e. n = 2) did not modify
significantly the values of the relevant K-matrix elements.

In the interaction potential of equation (4) we include
initial and final vibrational wavefunctions with respect
to the variable R, the molecular bond lengths for the
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Table 2. Computational details of the two-state BF-VCC calculation.

Normal Point e /et scattering Maximum number

mode group lo,maz lmax of coupled channels
121 Clay 20 10 A1 =172, A2 =50, By =60, B2 =60
12 Cay 20 10 A1 =172, A2 =50, By =60, B2 =60
V3 Cs 20 10 A =132, B=110

two stretching modes of 11 and v3 and to the molecular
angle for the v bending mode. They were made to vary
in ranges supporting vibrational energy levels up to and
above n = 4. For the asymptotic part of VPP, ie. VPO
we first computed the spherical polarisability, aq, from
the target wavefunction with the GTO basis set D95*, and
then scaled our results to the experimental value (9.92 au)
taken to be valid for the molecular equilibrium geome-
try [27]. Such ad hoc renormalization has the advantage
of accounting in a more realistic way for the behaviour of
polarisation forces in the long range regions, and also to
compensate for the limitation of our basis set expansion
in its use of more diffuse functions which would provide
better virtual orbitals for polarisability evaluation. Fig-
ure 1 reports pictorially the behaviour of the scaled and
unscaled polarizability values over the range of normal
mode deformations examined here. Due to smaller contri-
butions from the nonspherical parts of the dipole polaris-
ability [27] we decided not to include them in the present
calculations.

3 Results and discussion

The pseudo one-dimensional potential energy curves asso-
ciated to each of the normal coordinates of HoO allowed
us to evaluate, in a preparatory stage, the range of bond
length and bond angle values needed to support the first
five vibrational bound states for the three normal modes
of the title molecule. We have already reported [12] the
contributions to the full interaction from the permanent
dipole moment of water during the vibrations of the nuclei:
our calculations show fair agreement with the experimen-
tal value that corresponds to equilibrium (v; = 0) geom-
etry in the gas phase [9], while nothing is known about
direct dipole values for the “hot” molecular gas.

The approximation that a simple, mode-independent
scaling is sufficient for correctly describing the ag (R;)
behavior (R,) being any of the normal mode coordinates,
(see also Table 3 for the relation between the R, and the
symmetry coordinates S,,) has been tested before [15] and
turned out to yield good agreement with experiments. Our
recent comparison with experiments [5-7] for electron-
H>O vibrational inelasticity also provided good agreement
with them [14], thus suggesting that the present handling
of long-range polarization effects gives a reasonable de-
scription of their behaviour during the scattering process.

The results we report in Figure 2 show the computed
behavior of all three vibrationally inelastic partial cross-
sections for HoO by positron impact. We clearly see there
that the (0 — 1) excitation cross-section via the bending
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Fig. 1. Computed dependence of the spherical dipole polaris-
ability on the changes of each of the three normal coordinate.
The experimental value at the equilibrium geometry is taken
from reference [9].

mode exhibits by far the largest values and remains al-
ways the most efficient excitation pathway for water by
positron impact, thus confirming our earlier findings [12]
on the rather low efficiency of collisional heating of HoO
by positron via the stretching modes only. Furthermore,
we also see in that figure how all three modes exhibit
strong peaks at the openings of their respective thresh-
olds, this feature being also stronger for the bending
mode. We also found that to go beyond the two-state
approximation for the vibrational states included in the
BF-VCC equations did not have any noticeable effect
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Table 3. The transformation from the symmetry coordinates S, to the normal coordinates R, is given as S; = Y, L;x Ry with
the L-matrix from John et al. [29]. r; (req): the bond length (equilibrium) of O—H; (A), §: the molecular angle (rad.).

Normal Symmetry L-matrix elements

mode coordinates (A) (amu~1/2)
v AS1 =272 (Ary + Ar) Li1 = 1.017841, Li» = —0.056171
1] ASQ = T'eq A9 L21 = 70.003374, ng = 1.463114
U3 ASg = 271/2 (A?"1 - A’r’g) L33 = 1.034581

H,0+e", VCC (n=0and1)

—— Total (v, +Vv, +v,) modes

- v, : Symmetric Stretching mode
-V, : Bending mode

77777 v, : Anti-Symmetric Stretching mode

-
T

o
&)
T

o

Vibrational (n: 0 -> 1) Cross Section (10™'® cm?)
o
Sy
w

Total Energy (eV)

Fig. 2. Vibrational excitation cross-sections for positron scat-
tering computed within the 2-state BF-VCC method from the
ground state (000) to the lowest excited states of (100) (dot-
ted curve), (010) (chain curve) and (001) (broken curve). The
solid curve represents the sum of the cross-sections for the
three modes.

on the relevant K-matrix elements. This rapid conver-
gence of the vibrational coupled-channel expansion indi-
cates the rather weak deformation of the molecular vibra-
tional modes which is induced by the impinging positron
projectiles, and appears to rule out the possible presence
of close-channel resonances (i.e. Feshbach resonances), at
least from initially “cold” molecular targets. The total
inelastic cross-sections, summed over the three normal
modes, are quite substantial at threshold but do not show
any additional, significant feature when one moves away
from the threshold peaks, contrary to what happens for
the electron-impact excitation processes [14].

Another aspect of the present work is the possibility
to compare vibrationally excitation of water molecule in
the gas phase by impact with the two charged leptons, e™
and e~ . Since no experimental data exist for the former
projectile, and since we have already found that our calcu-
lations for e~ projectile turn out to be in good agreement
with experiments [14], we think that the present analysis
of the inelastic cross-sections, for positron impact could
also be taken as a rather realistic prediction and therefore
could be compared with possible future experiments.

The results given by Figures 3, 4 and 5 report a
comparison between our computed vibrationally inelastic
cross-sections for both electron and positron as projec-
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Fig. 3. Vibrational cross-sections for the (100) state computed
within the 2-state BF-VCC and the ANV methods for both
electron and positron projectiles in the low energy region (up-
per panel) and in the higher energy range (lower panel).

tiles using the full interaction in both cases. Furthermore,
in each figure we compare one of the normal modes over
two different collision energy regions: the upper panels re-
port the low-energy behavior just above each excitation
threshold and up to about 0.8 eV of energy, while the
lower panels show the inelastic cross-sections at higher
collision energies and up to about 6.0 eV. The following
comments could be made:

1. in the energy regions well above threshold (see lower
panels) the inelastic cross-sections for e~ —H30 are in-
variably larger than those of positron. In those regions,
in fact, the electron cross-sections show the onset of a
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Fig. 4. Same as in Figure 3 but for the (010) state.

well-known broad resonance feature [8] which is indeed
absent in e' scattering;

. all BF-VCC calculations at the higher energies (given

by the lower panels of those three figures) are well
reproduced by the simpler calculations that use the
adiabatic nuclear vibration (ANV) model [16] and
therefore the latter could be just as profitably used
to generate partial, integral inelastic cross-sections in
that range of energy. This is a very interesting result
in terms of the reliability of simpler dynamical models
and has been already discussed in general terms for
electron scattering (e.g. see the review of Ref. [17]);

on the other hand, marked differences between the
ANV approximation and the correct, on-shell treat-
ment of the vibrational dynamics appear as the colli-
sion energies decrease and get closer to the thresholds
of the three modes: the ANV scheme clearly under-
estimates there the coupling dynamics of the inelas-
tic processes (see upper panels of all three figures).
The most marked departure from the adiabatic be-
havior is seen in Figure 5 for the case of the v3 mode,
where near threshold the BF-VCC positron-induced
cross-section is much larger than that for the case of
the electron-induced excitation (dashed curve), while
the corresponding ANV results for both projectiles are

.
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Fig. 5. Same as in Figure 3 but for the (001) state.

instead found to be very close to each other: in other
words, the et induced excitation of the 3 made exci-
tation becomes larger than the corresponding 13 mode
excitation by electron impact.

This feature could be qualitatively understood by con-
sidering that the positron projectile, at energies near the
threshold opening, mostly samples the long-range polar-
izability region where the leading coefficient of the spher-
ical dipole polarisability turns out to have a large deriva-
tive [12,14]. On the other hand, the electron motion at
low energies is also strongly affected by the attractive
nuclear contributions, which happen to describe for this
mode the out of phase motion of the two H atoms, a fea-
ture that produces in the end cancellation effects in the
total static interaction. As a consequence of it, the e™ im-
pact excitation yields dynamically inelastic coupling ma-
trix elements which are less efficient than in the case of
eT impact for the case of the asymmetric stretching mode.
This is an interesting result when one considers that, at
least in the case of electron-impact excitation, the ex-
perimental detection of the single 3 mode is not possi-
ble but rather that the (11 + v3) excitation function is
usually being detected in this system (e.g. see Ref. [8]).
In the case of the electron-H;O system, therefore, the
strength of the signal appears to chiefly come from the
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symmetric rather than the asymmetric mode excitation, at
least this is what our computations suggest [14]). From the
above considerations, and from the present calculations
for positron-impact excitation, we thus see that the size
of the v3 excitation by et is indeed comparable with that
of the 11 excitation by the same antiparticle and therefore
their (11 4 v3) sum could also become intense enough to
be amenable to experimental detections: two weaker, but
comparable, excitation cross-sections could then give rise
to a measurable signal.

All the calculations reported by Figures 3, 4 and 5
further indicate rather clearly that the positron-induced
molecular excitations are smaller than those caused by
the electron, especially when collision energies move away
from the thresholds, as illustrated by the results shown
in the lower panels of those figures. Only for the bending
excitation we see the electron data to remain still larger
but closer in size to the eT-impact cross-sections.

4 Summary and conclusions

In this work we have carried out calculations for the vi-
brationally inelastic cross-sections of the water molecule
by low-energy impact with the leptonic particles, et and
further compared it with our previous results for e~ [14].
The theoretical treatment has been exact in terms of the
dynamics of the inelastic process and the interaction forces
have been described as sums of contributions obtained ei-
ther exactly (the V! contribution or via a parameter-free
model treatment (the VP contribution). The quality of
the above interaction potential had been tested earlier for
the case of the electron projectile by a comparison with
existing experimental data [14], where agreement turned
out to be good and gave us some confidence on the relia-
bility of also using a similar modelling of the interaction
forces when treating et vibrational excitation processes.

The results of the inelastic cross-sections at energies
well above the threshold openings (i.e. above about 1 eV)
indicate that the e~ is invariably a more efficient “heater”,
in the sense that it transfers energy to the vibrational
modes with greater probability than the e™ projectile.
Furthermore, the presence of a broad (e~ — H20) reso-
nance complex around 9 eV further provides an additional
mechanism for vibrational inelasticity enhancement [14].
Such a mechanism is entirely absent in the case of the
positron projectile that therefore shows lower efficiency in
the excitational dynamics.

At collision energies near the vibrational thresholds,
we found that inelastic cross-sections for both e~ and
eT present a marked dipolar peak that strongly increases
the cross-section values, although this effect is again
stronger for electron than for positron impact. The only
exception to this is the electron impact excitation of the
v3 mode, where no peak is present at threshold for electron
scattering while the positron-induced excitation exhibits a
strong feature attributable to specific enhancement from
the interplay between its long-range interaction and its
static interaction caused by the out-of-phase vibrating
H nuclei. In the case of e~ collisions, on the other hand,
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such motions lead to term cancellations (see before) due
to the chiefly attractive static potentials for electrons.

The present calculations therefore indicate that
positron-induced vibrational excitation processes in
gaseous water molecule should be strong enough to be
amenable to detection, especially at energies close to their
thresholds. Furthermore, their values at higher energies
should also be detectable in the case of the unresolved
(11 + v3) energy losses, since their sum is seen from our
calculations to remain not negligible due to the dominant
contribution of the 3 mode. Our tentative explanation
for such an effect is related to the dominance of long-
range forces when slow positrons are interacting with poly-
atomic targets and are kept out of the molecular electronic
charges by the dominantly repulsive static contributions.
On the other hand, in the case of the electron-induced
excitation, the nuclear motions of the two H atoms are
out of phase in the 3 mode and the attractive Coulomb
contributions undergo cancellations within the dominant
partial waves that couple nuclear motions with the con-
tinuum electron during the inelastic dynamics. Therefore,
since the et projectile remains largely outside the nuclear
region during the scattering, it causes the long-range con-
tributions to its interaction with HyO to remain domi-
nant, thereby inducing a more marked inelasticity of the
v3 mode during the collision. Our present calculations
therefore are able to suggest that the (14 + v3) energy loss
peak from positron experiments should be large enough to
be amenable to detection by low-energy experiments that
use this particular leptonic projectile.
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