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This paper reports results for rotational excitation of HoO and H>S molecules by electron impact.
It is also a databasis including tables of previously published rotationally resolved cross sections
fOI‘ CH4, SiH4, GeH4, SnH4, PbH47 NH37 PH3, ASHg, Sng, CF4, CC]4, SiCl4 SiBI‘4, and SiI4.
Our scattering amplitudes were calculated using the Schwinger multichannel method with norm-
conserving pseudopotentials and the rotational resolved cross sections were obtained with the help

of the adiabatic nuclei rotation approximation.

Our results are in good agreement with other

theoretical data and experimental results when available.

http://www.sbf.if.usp.br/bjp/Vol31/Num1/].

All tables are available in the electronic version of the paper only [on the world wide web af

I Introduction

It has been pointed out by different authors [1, 2] that
rotational excitation of molecular gases is a relevant
energy—loss mechanism in slow electron discharges. Al-
though the average energy transfer per collision is only
a fraction of one meV, the order of magnitude of ro-
tational excitation cross sections can be 1076 ¢m? or
even larger. As a result, pure rotational energy transfer
can be quite effective in discharge environments or in
the ionosphere of Earth [2].

The Schwinger Multichannel Method implemented
with Pseudopotentials (SMCPP) [3] has been applied,
along with the adiabatic-nuclei-rotation (ANR) ap-
proximation [4], to calculate rotational excitation cross

sections for some polyatomic targets, such as XHy (X:
C, Si, Ge, Sn, Pb) [5], XH; (X: N, P, As, Sb), CFy,
CCly, SiCly, SiBr4 and Sily [6]. In this paper, we show
differential, integral and momentum transfer rotational
excitation cross sections of H,O and H>S molecules.
We also present tables not reported in previous pub-
lications [5, 6, 7] and rotationally resolved momentum
transfer cross sections for CX4 (X: F,Cl) and SiYy (Y:
Cl, Br, I) not published in Ref. [6]. This paper is com-
plementary to Ref. [8], where elastic scattering of slow
electrons by HoX molecules (X: O, S, Se, Te) was dis-
cussed and also to the companion paper [9], where we
present elastic results for a wide range of molecules.
However, we also intend to present here a complete
databasis of our rotational excitation results, which can
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easily be compared to future experiments and other cal-
culations.

Some of the molecules treated here are plasma pro-
cessing gases [10, 11] and others are also of biological
and environmental interest [11]. Despite their indus-
trial and environmental importance, studies on electron
interactions with these molecules are very scarce. To
our knowledge, this is the first collection of rotational
excitation cross sections by electron impact for some of
the molecules cited above.

This paper is outlined as follows. In section II, we
present a brief review of the theory and describe the
main approximations used in our calculations. In Sec-
tion III, we present our results and discussion. This
section is divided in four subsections. In subsection
III.a, we will report our new results for rotational exci-
tation of water and sulfidric acid. In subsections IIL.b
to III.d, we will show results for rotational excitaion of
CH4, SiH4, GeH4, SIlH4 and PbH4 (IIIb), NH3, PH3,
ASH3 and SbH3 (IIIC), CF4, 0014, SlCl4, SiBI‘4 and
Sily (II1.d).

IT Theory

The implementation of pseudopotentials in the
Schwinger multichannel method allows calculations of
low-energy electron scattering by molecules containing
atoms with many electrons with reduced computational
effort [3]. The basic idea is to replace the core elec-
trons and the nucleus of each atom in the molecule by
the corresponding soft norm-conserving pseudopoten-
tial and to describe the valence electrons in a quantum
chemistry framework (Hartree-Fock approximation in
the present implementation). The cross sections for
electron scattering by molecules with different atoms
but with the same number of valence electrons can then
be calculated with about the same computational ef-
fort. In the companion paper [9], we compare the actual
number of electrons and the number of valence electrons
for each one of the molecules studied here. For some of
these molecules an all-electron cross section calculation
would be impractical.

The Schwinger multichannel method has been de-
scribed previously and we only review here some key
features for completeness. In this method, the working
expression for the scattering amplitude is

1

[fEi,Ef] = “on Z(SEf|V|Xm>(d_1)mn<Xn|V|SEi>’
(1)
where
. = (x| A | xn) (2)
and
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 N+1 2

A (VP + PV)

—VGYv.
(3)

In the above equations |S ) is the product of a tar-
get state and a plane wave, V is the interaction po-
tential between the incident electron and the target,
|xm) is a (N+41)-electron Slater determinant used in
the expansion of the trial scattering wave function, His
the total energy of the collision minus the full Hamilto-
nian of the system, P is a projection operator onto the
open channel space defined by target eigenfunctions,
and ng) is the free-particle Green’s function projected
on the P-space.

The form of the operator P and the set of (N+1)-
electron Slater determinants define the main approxi-
mations in our scattering calculations. In this work, we
do not consider real electronic excitations of the tar-
get by electron impact. The only open channel is then
the elastic channel and the projection operator P is
then defined by the target ground state. In the static—
exchange calculations the Slater determinants |x,,) are
constructed as:

IXm) = Al®o)|¢i), (4)

where |®g) is the target ground electronic state, |@;)
are one—particle scattering functions and A is the an-
tissymetrization operator. In our calculations, we use
the molecular virtual orbitals to represent the functions
160).

The polarization of the target due to the electric
field of the incident electron is taken into account in our
method by including virtual electronic excited states of
the target in the construction of the Slater determinants

IXm):

IXm) = Al®;)|¢i)- (5)

In equation 5 the index j runs over the electronic
states of the molecular target, beginning with the
ground state up to some chosen excited state.

We use the morm-conserving pseudopotentials of
Bachelet Hamann and Schliiter [12] to describe the nu-
clear potential and the core electrons of each atom.
These pseudopotentials were implemented in the SMC
method as described in Ref. [3]. The cartesian Gaussian
functions used to describe the molecular and scattering
orbitals were especially designed to be used in our pseu-
dopotential calculations [13].

Our cross sections were obtained in the fixed-nuclei
static-exchange approximation. We do not include the
description of polarization effects, since they are known
to be of little importance for the impact energy range we
study here (5-30 eV). (We present static-exchange and
polarized rotationally resolved DCS for water molecule
at 2.14 and 6.0 eV.)
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The adiabatic—nuclei-rotation (ANR) approxima-
tion expression for the I' — T rotational excitation
scattering amplitude is given by [4]

f(F — FI; kinagout) =

<\I’F’( )|flab( in outa )|\I’F( )) (6)

In the above expression, f!% is the elastic scattering
amplitude written in the laboratory—fixed frame (LF)
L Em and Eout are, respectively, incoming and out-
going wave—vectors; Q@ = («, 3,7v) are the Euler an-
gles defining the frame transformation [5, 14]; ¥r(Q2)
are rotational eigenfunctions of the target; and T' de-
notes a complete set of rotational quantum numbers.
Among the molecules considered here, one finds spher-
ical, symmetric and asymmetric—tops. In each of these

]

do 1
dQ(J_)J Oour) = 2J+1 Z

-J K'M'=-J
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three cases, one should observe the appropriate rota-
tional quantum numbers, eigenfunctions and the cor-
rect degeneracies of rotational levels. The rotational
eigenfunctions for both spherical and symmetric—tops
are written as

2J+1

Urrm(Q) = ( 52

)k, @
where Dy;,, are the well-known Wigner rotation ma-
trices [14]; J is the total molecular angular momentum;
and K and M are, respectively, its projection onto the
quantization axis of molecular and laboratory frames.
Rotational levels of spherical-tops present (2J + 1)2-
fold degeneracies, related to K and M quantum num-
bers [5]. For such systems, the rotational excitation
cross sections are given by

k , 27
Z kj Ao |1k m—r x| - (8)
J Jo

where kj and kjy are outgoing and incoming wave vector moduli, respectvely. Symmetric—top rotational levels, on
the other hand, are (2J + 1)—fold degenerated [7]. The cross sections, reminding that degeneracies are associated

only with M quantum number, are written as

J

J'

do 1 gt ky Kk /27T 2
dQ(JK—>JK Bout) = 2J+1 Z Z pewal MRS TS N 9)

—J M'=—J'

For asymmetric—tops, K is no longer a good quantum number, and the rotational eigenfunctions, ¥5 _, (), are
given by symmetry—adapted linear combinations of symmetric—top eigenfunctions [15]:

where

Frm ()

_I)V\I’JfKM] aK >0 V= 071 ) (11)

In the expressions above, T is a pseudo quantum number introduced to distinguish the asymmetric—top eigenfunc-
tions [15]; and af 7, are expansion coeficients. The rotational excitation cross sections are given by

J

kJ’

%(JT — J' T Oout) =

Both symmetric and asymmetric—tops present per-
manent dipole moments. To take dipole-related long—
range interactions into account, we apply a Born closure
procedure to the dipole—allowed rotational excitation
cross sections (J = 0K =0 — J = 1K' = 0 for

J'

/ 06 11 rt—sy v e (13)

symmetric—tops and J = 07 =0 — J =17 =0
for asymmetric-tops.) We also take advantadge of the
rotational energy transfer to avoid divergence of dif-
ferential cross sections at forward scattering direction.
The Born—closure procedure is carefully discussed else-

I The transformation of scattering amplitudes from molecular frame to laboratory frame can be easily performed [5, 14].
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where [7, 8].

IIT Results and Discussion

Due to the narrow spacing between neighbouring rota-
tional levels of polyatomic molecules, experimental data
concerning rotationally resolved cross sections are very
scarce. Among the molecules addressed in this work,
we could find rotationally resolved diferential cross sec-
tions for HoO [2] and CHy [16]. Theoretical work is
also sketchy. There are reported rotational excitation
cross sections only for CHy [5, 17, 18], SiH, [5, 18],
NH; [7, 19, 20], H,O [21, 22, 23, 24] and H,S [19, 25].
We present our results below.

H,0 and H,S

In Figs. 1 and 2 we show rotationally resolved differ-
ential cross sections (DCS) for water at 2.14 and 6.0 V.
In each figure, the rotationally elastic (00 — 00) and
dipole-allowed (00 —» 10) transitions are considered.

For both energies, we present two sets of calculations
obtained at static-exchange (SE) and static—exchange
plus polarization (SEP) levels of approximation. For
comparison purposes, we also show theoretical SEP re-
sults of Jain and Thompson [21], Gianturco [22], Greer
and Thompson [23] (6.0 eV only) and Gianturco et
al. [24] (00 — 10 rotational excitation only). Experi-
mental data of Jung et al. [2] is also shown. Our DCS
for the rotationally elastic excitation at 2.14 eV present
a maximum between 50° and 90° not noticed either
in the experimental data [2] or in the other calcula-
tions [21, 22], although our SEP result agrees very well
with measurement at 15° and 30°. At 6.0 eV, our cal-
culations show a better agreement in shape with other
results, but one still observes discrepancy around 60°.
It is to be pointed out that our elastic (rotationally un-
resolved) DCS showed disagreement with experimental
data and previous calculations at incident energies be-
low 8.0 eV, around 60° [8]. It is not surprising, there-
fore, that rotationally resolved cross sections present
a similar behavior. All calculations and experimental
DCS agree better for the 00 — 10 excitation, which is
mainly determined by dipole moment interactions. It is
interesting to observe that our results at 2.14 eV are in
better agreement with experimental data, lying below
the other calculations. This was also to be expected,
since our Born—corrected rotationally summed integral
cross section (ICS) showed better agreement with mea-
surements at lower energies [8].
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Figure 1. Rotationally resolved differential cross sections
for eT-H»0O scattering at 2.14 eV. Upper part: rotation-
ally elastic (00 — 00) excitation. Lower part: dipole—
allowed (00 —» 10) excitation. Thick solid lines: present
results (SEP approximation); thin solid lines: present re-
sults (SE approximation); dotted lines: Jain and Thomp-
son [21]; long-dashed lines: Gianturco [22]; dot—dashed line:
Gianturco et al. [24] (00 — 10 excitation only); bullets: ex-
perimental data of Jung et al. [2].
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Figure 2. Same as in Fig. 1 but for 6.0 eV. Short-dashed
lines stand for calculations of Greer and Thompson [23].
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Figure 3. Rotationally resolved differential cross sections
for e —H>O scattering at 30 eV for J =0 — J' =0,1,2,3
excitations (summed over 7'). Solid lines: present results
(SE approximation); stars: Gianturco et al. [24].

In Fig. 3, we compare our SE rotationally resolved
DCS for H,O with calculations of Gianturco et al. [24]
for J =0 — J' =0,1,2,3 excitations, where cross sec-
tions with same J' were summed over 7/. One notices
good agreement in magnitude and very good agreement,
in shape for all rotational transitions, reflecting the
observed good agreement of elastic (rotationally unre-
solved) DCS [8] at 30 eV.

In order to ilustrate the convergence of present SE
calculations for water, we present in Fig. 4, and also in
Tables I and II, rotationally summed DCS (RSDCS) at
10, 15 20, and 30 €V. For each energy, we show RSDCS
summed from J =0 up to J' =0,1,2,3,4 and 7. (For
a given J', we sum over 7'.) We also show elastic (ro-
tationally unresolved) experimental DCS of Johnstone
and Newell [26]. It is clear that convergence is achieved
for J' = 4, because the dot—dashed lines, corresponding
to RSDCS up to J' = 4, are often hidden by the solid
thick line (RSDCS up to J' = 7). One can also observe
significant contributions of rotationally inelastic exci-
tations to RSDCS around 120°, where the rotationally
elastic DCS present minima, and near the forward scat-
tering direction (due to the dipole—allowed transition).
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Figure 4. Rotationally summed differential cross sections for
e~ —H»O scattering at 10, 15, 20 and 30 eV, from J = 0 up
to different J'. (For a given J', cross sections were summed
over 7'.) Thin solid lines: J' = 0; dotted lines: J = 1;
short—dashed lines: J' = 2; long-dashed lines: J' = 4; thick
solid lines: J' = 7 [8]; bullets: elastic (rotationally unre-
solved) experimental DCS of Johnstone and Newell [26].

In Fig. 5 we show SE rotationally resolved integral
cross section (RSICS) for water, along with calculations
of Gianturco et al. [24]. J =0 — J =0,1,2,3 ex-
citations are considered, and we again sum over 7' for
each J'. In general, there is very good agreement both
in shape and magnitude, although some discrepancy
is found for the dipole-allowed excitation (at all ener-
gies) and also at 6.0 eV for 0 — 0, 2 transitions. This
behavior was to be expected, considering the observed
behavior of elastic (rotationally unresolved) cross sec-
tions [8] (see also discussion of Figs. 1 and 2.)

Next, we show SE rotationally resolved DCS for
H»>S. We adress 00 — 00 (Fig. 6) and 00 — 10
(Fig. 7) excitations at 5, 7.5, 10, and 15 eV. Calcu-
lations of Gianturco [19] (00 — 10 only) and of Jain
and Thompson [25] are also presented for comparison
purposes. One finds, in general, good agreement both
in shape and magnitude. Some disagreement is found
at 10 and 15 eV for the 00 — 10 excitation, though. It
is to be observed that our rotationally summed integral
cross section (ICS) for H2S agrees well with experimen-
tal data [8].

Rotationally resolved ICS for 00 — 00 and 00 —
10 excitations are shown in Fig. 8 (SE approximation),
along with results of Jain and Thompson [25]. One
notices very good agreement for the dipole—allowed ex-
citation, although some discrepancy is found for the ro-
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tationally elastic ICS. Our results present a very broad

maximum around 10 eV, while calculation of Ref. [25]
show a narrower maximum 8 eV.
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Figure 5. Rotationally resolved integral cross sections for
e —H>O scattering. (All results are summed over 7'.) Up-
per part: Thick solid line: 0 — 0 excitation (present
SE result); bullets with thin solid line: 0 — 0 excitation
(Gianturco et al.[24]); thick long—dashed line: 0 — 1 ex-
citation (present SE result); squares with thin long—dashed
line: 0 — 1 excitation (Gianturco et al.[24]). Lower part:
Thick solid line: 0 —» 2 excitation (present SE result); dia-
monds with thin solid line: 0 — 2 excitation (Gianturco et
al.[24]); thick long—dashed line: 0 — 3 excitation (present
SE result); triangles with thin long—dashed line: 0 — 3
excitation (Gianturco et al.[24]).

Convergence of present SE calculations for sulfidric
acid is illustrated in Fig. 9. We show rotationally
summed DCS (RSDCS) at 10, 15, 20, and 30 eV. For
each energy, we show RSDCS summed from J = 0 up
toJ'=0,1,2,3,4 and 7. (For a given J', we sum over
7'.) (See also Tables III and IV.) We also show elastic
(rotationally unresolved) experimental DCS of Gulley
et al. [27]. Tt is clear that convergence is achieved for
J' =4, because the dot—dashed lines, corresponding to
RSDCS up to J' = 4, are often hidden by the solid
thick line (RSDCS up to J' = 7). One can also ob-
serve significant contributions of rotationally inelastic
excitations to RSDCS above 60°, where the rotation-
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ally elastic DCS present minima, and near the forward
scattering direction (due to the dipole-allowed transi-

tion).
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Figure 6. Rotationally elastic (00 —» 00) differential cross
sections for e”—H»S at 5.0, 7.5, 10.0 and 15.0 eV. Solid

lines: present results (SE approximation); stars: Jain and
Thompson [25].
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Figure 7. Rotationally resolved differential cross sections
for e”—H>S for the dipole-allowed (00 — 10) excitation at
5.0, 7.5, 10.0 and 15.0 eV. Solid lines: present results (SE

approximation); triangles: Gianturco [19]; stars: Jain and
Thompson [25].
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Figure 8. Rotationally resolved integral cross sections for
e”—H»S scattering. Upper part: 00 — 00 excitation.
Lower part: 00 — 10 excitation. Solid lines: present SE
result; stars: Jain and Thompson [25].
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Figure 9. Rotationally summed differential cross sections for
e~ —H»S scattering at 10, 15, 20 and 30 eV, from J = 0 up
to different .J'. (For a given .J', cross sections were summed
over 7'.) Thin solid lines: J' = 0; dotted lines: J = 1;
short—dashed lines: J' = 2; long—dashed lines: J' = 4; thick
solid lines: J' = 7 [8]; bullets: elastic (rotationally unre-
solved) experimental DCS of Gulley et al. [27].
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Figure 10. Integral cross section (ICS) for water (upper
part) and sulfidric acid (lower part). Solid lines: rotation-
ally summed ICS (J' = 0 up to J' = 7); long—dashed lines:
ICS for 00 — 00 excitation; dotted lines: ICS for 00 — 10
excitation; dot—dashed lines: rotationally summed inelastic
ICS (J'=1upto J =7).

Finally, in Fig. 10 we show ICS for both H,O and
H,S. For each molecule, we present ICS for 00 — 00
and 00 — 10 rotational excitations; inelastic rotation-
ally summed (IRS) integral cross section, from J' = 1
up to J' = 7; and also rotationally summed ICS
(RSICS), from J' = 0 up to J' = 7. (Integral and
momentum transfer rotationally resolved cross sections
are also shown in Tables V and VI, respectively.) For
water molecule, it is clear that the dipole—allowed tran-
sition provides the most significant contribution to IRS
integral cross section, being even greater than the ro-
tationally elastic excitation, for incident energies below
10 eV. The less polar HoS molecule presents smaller
ICS for the dipole—allowed rotational excitation, and,
as a result, its IRS integral cross section is considerably
smaller than the rotationally elastic ICS. It is interest-
ing to observe that IRS integral cross section for water
is almost as high as the elastic (rotationally summed)
ICS, for E < 7.5 eV. As aresult, one should expect rota-
tional excitations to be an important energy—loss mech-
anism in slow—electron discharge environments contain-
ing water vapor.
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XH, (X = C, Si, Ge, Pb, Sn)

Tables VII to XI present our previously published [5]
differential cross sections for rotational excitation of the
XH, (X = C, Si, Ge, Pb, Sn) molecules at selected
energies. Our results were found to be in good agree-
ment with previous calculations for CHy [17, 18] and
SiH4 [18]. Our results for methane also showed good
agreement with experimental data [16]. Ref. [5] also
shows tables with our integral cross sections and with
our momentum transfer cross sections.

XH; (X = N, P, As, Sb)

Tables XII to XIV present our differential cross sec-
tions from Ref. [7] at 10 eV, 20 eV, and 30 eV respec-
tively. There are other theoretical elastic (rotationally
unresolved) results in the literature for NHsz, PH3, and
AsH3 [19, 20, 28] and experimental data for NH3 and
PH; [29], all in good agreement with our rotationally
summed cross sections. Our rotationally resolved cross
sections for NH3 were found to be in good agreement
with previous calculations [19, 20] (see Ref. [7]). Tables
with our integral cross sections and with our momen-
tum transfer cross sections are shown in Ref. [7].

CF,, CCl,, SiCl,, SiBr,, and Sil,

Our rotational momentum transfer cross sections
are shown in Table XV. Tables with rotational inte-
gral cross sections are shown in Ref. [6]. Due to the
large peripheral atoms, these molecules were found to
have large rotationally inelastic cross sections (being
comparable in magnitude with respective rotationally
elastic cross sections). A detailed discussion is found in
Ref. [6].

Tables

All tables are available only in the electronic
version of the paper on the world wide web at
http://www.sbf.if.usp.br/bjp/Vol31/Num1l/.
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