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Abstract. We present a theoretical study on electron-H2O collisions in the low- and intermediate-
energy ranges. More specifically, we report calculated elastic differential, integral and momentum transfer
cross-sections as well as rotational excitation cross-sections in the (2-500)-eV range. In our calculations, an
optical potential is used to represent the electron-molecule interaction. The Schwinger variational method
combined with the distorted-wave approximation is used to solve the scattering equations. The comparison
of our calculated results with other theoretical and/or experimental data available in the literature is very

encouraging.

PACS. 34.80.Bm Elastic scattering of electrons by atoms and molecules

1 Introduction

Collisions of electrons with water molecules play an im-
portant role in a variety of research areas, such as at-
mospheric and interstellar processes, radiation biology,
chemistry and plasma physics. For instance, it is well
known that the water content of the human body is more
than 70% by weight. The interaction of water molecules
with secondary electrons of appreciable kinetic energy can
lead to the formation of OH radicals [1], known as a car-
cinogenic agent [2,3]. Many investigations have been made
on the deceleration and energy deposition of electrons in
water [4,5]. Cross-sections for electron-gaseous water col-
lisions are important in those studies, despite the possible
difference in the electron interaction with gaseous or lig-
uid water targets. Due to those important applications,
electron scattering by water has been extensively studied
for a long time. For example, a large amount of measure-
ments of grand total (elastic + inelastic) cross-sections for
this molecule has been performed since 1929 [6-10]. Also,
experimental differential cross-sections (DCS) for elastic
e~ —H5O scattering have been reported in a wide incident
energy range over the years [1,11-15]. Despite that, most
of DCS measurements were carried out in a limited an-
gular range, namely, between 10° to 150°. At larger scat-
tering angles, DCS measurements are usually inaccessible
due to the physical constraints of the electron spectrom-
eters used. In 1996, Read and Channing [16] developed
a magnetic angle-changing device which allowed the DCS

® e-mail: bresca@ifi.unicamp.br

for elastic electron-molecule scattering to be measured at
angles up to 180°. This technique was recently used by
Cho et al. [17] to determine absolute DCS for elastic elec-
tron scattering by water vapour in the 10-180° range.

On the theoretical side, the literature on elastic
e —H5O scattering is equally rich. Just to cite some, re-
cent studies include calculations of cross-sections for rota-
tionally resolved and/or unresolved elastic e"—H20 colli-
sions of Machado et al. [18], Gianturco et al. [19], Varella
et al. [20], and Faure et al. [21]. Despite that, most theo-
retical investigations on e”—HsO collisions have been per-
formed at incident energies below 50 eV. Above this en-
ergy such investigations are scarce. A reliable theoretical
study of the e”—H>O elastic scattering requires accurate
descriptions for both short- and long-range interaction po-
tentials. A fixed-nuclei treatment of electron scattering by
polar molecules leads to divergent elastic DCS in the for-
ward direction, due to the slow falloff of large partial-
wave T-matrix elements [22]. This divergence can be re-
moved only by the introduction of the nuclear motion in
the Hamiltonian [23]. In addition, at intermediate inci-
dent energies, absorption effects would play an important
role on electron-molecule interaction dynamics. Indeed, al-
most all inelastic channels are open, thus resulting in a
reduction of the flux corresponding to the elastic channel.
In this energy range, conventional close-coupling calcula-
tions of electron-molecule scattering would be an arduous
computational task. Therefore, the use of model absorp-
tion potentials seems to be presently the only practical
manner for treating electron-atom and electron-molecule
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collisions in this energy range. Several model absorption
potentials have been proposed and used [24]. Among them,
the version 3 of the quasi-free scattering model (QFSM),
proposed by Staszewska et al. [25] and lately modified by
Jain and Baluja [26], has shown to yield cross-sections in
better agreement when compared with experiments. We
have chosen this model to account for the absorption com-
ponent of the electron-molecule interaction potential.

In this paper we perform a theoretical study on elec-
tron scattering by HoO in the low- and intermediate-
energy ranges. More specifically, elastic differential,
integral (ICS), and momentum-transfer cross-sections
(MTCS) as well as rotationally resolved cross-sections
for electron scattering by HoO are calculated in the
(2-500)-eV range. A complex optical potential which in-
cludes static, exchange, correlation-polarization, and ab-
sorption contributions is used to represent the interaction
dynamics, while a combination of the iterative Schwinger
variational method (ISVM) [27] and the distorted-wave
approximation (DWA) [28-30] is used to calculate accu-
rate low-[ partial-wave scattering. Rotationally elastic and
inelastic cross-sections are calculated separately within
the framework of the adiabatic-nuclei-rotation (ANR) ap-
proximation. Higher-angular-momentum dipole-potential
components are then added up to infinity through a first
Born approximation (FBA) closure formula. Rotationally
unresolved cross-sections are obtained by summing up
the rotationally elastic and inelastic contributions. Besides
providing some new theoretical rotationally resolved and
unresolved cross-sections for elastic electron scattering by
H>O, particularly at intermediate energies, the compari-
son of our calculated data with the newest experimental
DCS of Cho et al. [17] would provide insights on the dy-
namics of backward scattering by polar molecules.

The organization of this paper is as follows: in Sec-
tion 2, we describe briefly the theory used and also give
some details of the calculation. In Section 3, we compare
our calculated results with other theoretical and/or ex-
perimental data available in the literature and summarize
our conclusions.

2 Theory and calculation

In this section we will briefly discuss the method used;
details of the ISVM and DWA can be found else-
where [27-30]. Within the ANR framework, the DCS for
the excitation for an asymmetric-top rotor from an initial
rotational level J7 to a final level J'7’ is given by

d 1
d—;(JT — J'r') =

hyir
(2J +1) ky,

J J’
X Z Z |fJTM—>J’T’M’|27 (1)

M=—JM'=-J'

where fi-pr— g is the rotational excitation scatter-
ing amplitude related to the rotational eigenfunctions of
the target by

Frert—girne = pene (2) | FE5 | e (2)), (2)
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kjr and kj . are the magnitudes of the linear momenta
of the incident and the scattered electrons, respectively,
and 2 = («, 8,7) are the Euler angles defining the frame
transformation [31]. The eigenfunctions ¥, s (£2) appear-
ing in equation (2) are written as linear combinations of
symmetric-top eigenfunctions [32]:

J

Trar(2) = > afin@rxm(9), (3)
K=—J

where the symmetric-top eigenfunctions are given by

2J+1) -

Prxm(£2) = ( 32 Dier(£2), (4)

where D), are the well-known Wigner rotation matri-
ces [31]. Also, fXf appearing in equation (2) is the elec-
tronic part of the laboratory-frame scattering amplitude
which can be related to the corresponding body-frame
T-matrix by an usual frame transformation. The latter
can be conveniently partial-wave expanded as

1

T o= - > T X)X (k) (5)

pulhl' !

where 12:0 and k are the linear momentum directions of
the incident and scattered electrons in BF, respectively,
and X7*(k) are the symmetry-adapted functions [33]
which are expanded in terms of the usual spherical har-
monics as follows:

XBE) =D b Yim (7). (6)

Here p is an irreducible representation (IR) of the molec-
ular point group, p is a component of this representa-
tion and h distinguishes between different bases of the
same IR corresponding to the same value of . The coeffi-
cients b} satisfy important orthogonality relations and
are tabulated for Cg, and Oy, point groups [33].

In the present study, the electron-molecule scatter-
ing dynamics is represented by an interaction potential
given by

V(r) = VIEL iV, (7)

with
VIEP = Vi + Vg + Vep, (8)

where Vi, Ve, and V., are the static, the exchange,
and the correlation-polarization contributions, respec-
tively. In our calculation, Vy; and V., are derived exactly
from a Hartree-Fock SCF target wavefunction. In this
work, an SCF wavefunction for the ground state of HoO
is constructed with a [9s5p/3s2p] contracted Cartesian
Gaussian basis set of Dunning [34] augmented by one d
(ov = 0.34) uncontracted function centered on the oxygen
atom and a [4s/2s] contracted set for hydrogen [35]. With
this basis set, our calculated electric dipole moment at
the experimental equilibrium geometry is 0.762 a.u., which
can be compared with the calculated value 0.780 a.u. of
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Gianturco et al. [19]. The experimental dipole moment
is 0.724 a.u. [36].

A parameter-free model potential introduced by Padial
and Norcross [37] is used to account for the correlation-
polarization contributions. In this model, a short-range
correlation potential between the scattering and the tar-
get electrons is defined in an inner interaction region and a
long-range polarization potential in an outer region. The
correlation potential is calculated by a free-electron-gas
model, derived using the target electronic density accord-
ing to equation (9) of Padial and Norcross [37]. In ad-
dition, an asymptotic form of the polarization potential
is used for the long-range electron-target interaction. The
theoretical values agg = 10.625 a.u., asg = —0.636 a.u.,
and age = 0.308 a.u. of the polarizability components
were used to calculate the asymptotic form of V,,. Our
calculated spherical polarizability agg is in good agree-
ment with the experimental value of 11.0 a.u. [39]. The
first crossing of the correlation and polarization potential
curves defines the inner and the outer region. No cut-off
or other adjusted parameters are needed for the calcula-
tion of V,,. As stated before, the absorption potential Vi
in equation (7) is taken as the modified version [26] of
the quasi-free scattering model, derived by Staszewska
et al. [25].

In the present study, we have limited the partial-wave
expansion of the T-matrix elements up to l,q; = 16 and
Mmaz = 16. Since H2O is a polar molecule, these partial-
wave expansions converge slowly due to the long-range
dipole interaction potential. Therefore, a Born-closure for-
mula is used to account for the contribution of higher
partial-wave components to the scattering amplitudes. Ac-
cordingly, equation (5) is rewritten as

LL'
B 1 WY, pMISVM
r=T T E: i (T e
pulhl’ b/

B
- Tlf,?h;l’h’)
x X (k) XEE (ko) (9)

where TP is the complete point-dipole FBA T-matrix,

ISV M
T} 7,”, . are the partial-wave T-matrix elements calcu-

B
lated via ISVM and T}, ,,,, are the corresponding partial-
wave point-dipole FBA T-matrix elements, given by

1
m? D (L+h)(L—h)|*®
Tk,lh;l’h’ - I (2L i 1)(2[/ — 1) ) (10)

where D is the target electric dipole moment and L = I’
whenl’=1+4+1and L =1 when !’ =1 — 1.

3 Results and discussion

In Figures 1-4, we compare our calculated DCS
(rotationally summed) with the existing measured
data [1,13-15,17] for elastic e"—H5O scattering in the in-
cident energy range of 2-500 eV. Some recent theoretical
results available in the literature [19-21,38] are also shown
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Fig. 1. DCS for elastic e —H2O scattering at the impact
energy of (a) 2 eV and (b) 4 eV. Solid line, present ro-
tationally summed results; dashed line, theoretical results
of Faure et al. [21]; open squares, experimental results of
Danjo and Nishimura [13]; open circles, experimental data
of Shyn and Cho [14]; asterisks, experimental results of
Cho et al. [17].
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Fig. 2. Same as Figure 1 but for (a) 10 eV and (b) 20 eV. The
symbols are the same as in Figure 1, except: short-dashed line,
calculated results of Varella et al. [20]; dashed line, theoretical
results of Gianturco et al. [19]; long-dashed line, calculated
results of Greer and Thompson [38]; full circles, experimental
results of Johnstone and Newell [15].
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Fig. 3. Same as Figure 2 but for (a) 30 eV and (b) 50 €V.
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Fig. 4. Same as Figure 2 but for (a) 200 eV and (b) 500 eV,
except: full squares, experimental results of Katase et al. [1].

for comparison. For all energies studied herein, our calcu-
lated results agree quite well with most of the experimen-
tal data, both in shape and magnitude. Particularly, our
calculation has predicted correctly the backward scatter-
ing behavior of the DCS, when compared with the recent
experimental data of Cho et al. [17]. Moreover, the sharp
increase of the DCS at small scattering angles, due to the
polar nature of the target, is also well described by our
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Fig. 5. Rotationally summed (a) ICS and (b) MTCS for elastic
e~ —H2O scattering. Solid line, present calculated results; short-
dashed line, calculated results of Varella et al. [20]; dashed line,
theoretical results of Gianturco et al. [19]; long-dashed line,
calculated results of Greer and Thompson [38]; full circles, ex-
perimental results of Johnstone and Newell [15]; open circles,
experimental results of Shyn and Cho [14]; open squares, ex-
perimental results of Danjo and Nishimura [13]; full squares,
experimental results of Katase et al. [1]; asterisks, experimental
results of Cho et al. [17].

calculation. General good agreement is observed as well
between our results and other existing theoretical results.

Figures 5a and 5b show our calculated elastic ICS
and MTCS, respectively, in the (2-500)-eV range, along
with the experimental [1,13-15,17] and theoretical re-
sults [19,20,38] available in the literature. In general, both
our calculated ICS and MTCS agree well with the ex-
perimental data of Johnstone and Newell [15], Shyn and
Cho [14], and Cho et al. [17] at incident energies in the
(5-50)-eV range, and with those of Katase et al. [1] in
the (100-500)-eV range. At lower energies, all experimen-
tal ICS lie well below the theoretical predictions, proba-
bly due to difficulties in the extrapolation procedure near
the forward direction, where the DCS contribute signifi-
cantly to the ICS, particularly for strongly polar targets.
On the other hand, the experimental data of Danjo and
Nishimura [13] lie systematically below our data for inci-
dent energies below 100 eV. Comparing with other the-
oretical studies, our ICS agree quite well with the calcu-
lated results of Varella et al. [20] in the (8-30)-eV range.
Nevertheless, the ICS calculated by Gianturco et al. [19]
are substantially higher than our data. In Figure 5b, our
MTCS agree well with those of Greer and Thompson [38].
At low energies, our MTCS also indicate a sharp increase
towards the zero incident energy, reflecting the polar
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Fig. 6. Rotationally resolved DCS for e -H2O scatter-
ing for (a) the (0—0) elastic process and (b) the averaged
1[(0—1) + (1—0)] rotational excitation/de-excitation process,
both at 2.14 eV, and for (c) the (0—0) elastic process and
(d) the averaged 1[(0—1) + (1—0)] rotational excitation/de-
excitation process, both at 6 eV. Solid line, present results;
dashed lines, theoretical results of Gianturco et al. [19]; long-
dashed lines, theoretical results of Jain and Thompson [40];
full squares, experimental results of Jung et al. [12].

nature of the target. Similar behavior is also seen in the
calculated data of Greer and Thompson [38]. On the other
hand, the energy dependence of the calculated MTCS of
Varella et al. [20] is relatively flat in the (3-30)-eV range.

Figures 6a and 6b show our results for the rotation-
ally elastic and the averaged $[(0—1) + (1—0)] rotational
excitation/de-excitation DCS at 2.14 eV, respectively,
along with the experimental results of Jung et al. [12]
and the available theoretical results of Jain and Thomp-
son [40] and Gianturco et al. [19]. Similar comparison, but
for 6 eV, is shown in Figures 6¢c and 6d. Our results agree
reasonably well with the experimental and other theoret-
ical results, although none of the calculations was able to
predict the broad maximum centered at around 70° seen
in the experimental data of Figure 6d. Since the results
of three different calculations agree reasonably well with
each other at least qualitatively, we think that new mea-
surements would be needed to confirm or to disprove that
structure.

Figures 7a—7d show our DCS for the (0—0,1,2,3) ro-
tational transitions, respectively, at 30 eV. Unfortunately,
there are no experimental results available in the litera-
ture. Therefore, comparison is made only with other calcu-
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Fig. 7. Rotationally resolved DCS for e -H2O scattering
at 30 eV for rotational (a) (0—0), (0—1), (c) (0—2), and
(d) (0—3) transitions. Solid line, present results; short-dashed
lines, theoretical results of Varella et al. [41]; dashed line, cal-
culated results of Gianturco et al. [19].

lated data [41,19]. A general overall agreement is observed
among all the calculated results.

In Figures 8a and 8b we present our calculated DCS for
the (0—0, 1,2, 3) rotational transitions at 80 and 200 eV,
respectively. Also in these cases, no results are available
in the literature for comparison. In general, the (0—0, 1)
transitions are dominant. Also, the DCS become more os-
cillatory with increasing incident energies.

Finally, Figures 9a-9d show our calculated ICS for
the (0—0,1,2,3) rotational transitions, respectively, in
the (2-500)-eV energy range. Again, theoretical results of
Varella et al. [41] and Gianturco et al. [19] are presented
for comparison. For the (0—0) rotational transition, our
calculated data agree very well with those of Gianturco
et al. [19]. On the other hand, the calculated results of
Varella et al. [41] lie significantly above our data for en-
ergies below 7 eV. In contrast, for the (0—1) transition,
our calculated data agree very well with those of Varella
et al. [41], whereas the results of Gianturco et al. [19] are
significantly larger in the entire energy range. For (0—2, 3)
transitions, the agreement between the present results and
those of Gianturco et al. [19] is very good. Again, discrep-
ancies are observed when compared with the calculation
of Varella et al. [41] at lower-end energies. In particular,
the additional maximum located at around 2.5 ¢V in their
ICS for the (0—3) rotational transition is not reproduced
in our study. The reason for such discrepancy is unclear.
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In summary, we performed a theoretical study on
e~ —Hy0 scattering in the low- and intermediate-energy
ranges. Despite the simplicity of the interaction dynamics
used, the comparison with the experimental and theoret-
ical results available in the literature has shown that our
method is able to provide reliable elastic and rotational
excitation cross-sections in a wide energy range. In par-
ticular, the backward scattering behavior of the DCS re-
cently observed by Cho et al. is also well described by our
calculations.

This research was partially supported by the Brazilian agencies
CNPq and FAPESP.
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