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Total cross sections for electron scattering from sulfur compounds

*

Tan Xiao-Ming(FE )™ and Wang Yan-Wen( i 30)P)

a) School of Physics and Optoelectronic Engineering, Ludong University, Yantai 264025, China

b) Department of Life Science and Technology, Xinxiang Medical University, Xinxiang 453003, China

(Received 12 April 2012; revised manuscript received 23 September 2012)

The original additivity rule method cannot give good results for electron scattering from SO, SO,, SO,Cl,, SO,CIF,
and SO, F, molecules at low energy, because the electron—molecule scattering is simply reduced to electron—atom scatter-
ing. Considering the difference between the bound atom in a molecule and the corresponding free atom, the original addi-
tivity rule is revised. With the revised additivity rule, the total cross sections for electron scattering from these molecules
are calculated over a wide energy range below 3000 eV and compared with the available experimental and theoretical data.

A better agreement between them is obtained.
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1. Introduction

Electron scattering from atoms and molecules has long
been a very important subject for the requirements in many
scientific areas.['31 SO, SO,, SO,Cl,, SO,CIF, and SO,F, are
very important molecules in industry, plasma processing, en-
vironmental and atmospheric physics, and astrophysics.I*! For
example, SO is an abundant component in the plasma process-
ing containing SO,.>! The SO, molecule is the fatal pollutant
of the Earth’s atmosphere and plays an important role in form-
ing acid rain!®! SO is also abundant in the Venus atmosphere
and in the atmosphere of satellite To of Jupiter.** Total cross
sections for electron scattering from the SO, molecule are in-
dispensable in the designing of electrical-discharge-based de-
vices for removing SO, pollutant from industrial fumes.[%!
SO,Cl, is used as a constituent of the catholyte system in
batteries,!’”! and is also used as a chlorinating and sulfonating
reagent.®° In addition, SO,Cl, may play a catalytic role as
the minor component in the Venus atmosphere.!'’ SO,F; is
a decomposition product!!'! in the SFs/O; plasma which may

(121 Tn spite of the impor-

greatly increase etching anisotropy.
tance of these molecules, the total cross sections for electron
scattering from these molecules (except SO,) are relatively
scarce; there is no experimental total cross section for electron
scattering to our knowledge, and the theoretical total cross sec-
tions have only been calculated recently in a range from 10 eV
to 2000 eV.*! The total cross section measurements for elec-
tron scattering from SO, were made first by Szmytkowski and
Maciag!'?! in an energy range from 1.5 eV to 70 eV. Recently,
Szmytkowski er all'*! further measured the total cross sections

for SO, using the modified electron spectrometer working in
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a linear transmission mode in an energy range from 0.5 eV
to 370 eV. The total cross sections of SO, have also been ob-
tained through attenuation measurements in a Ramsauer-type
apparatus by Zecca et al!®! in an energy range from 90 eV
to 4000 eV. Joshipura and Gangopadhyay ¥ have calculated
the total cross sections for electron scattering from SO; in an
energy range from 15 eV to 2000 eV using the complex poten-
tial formalism and the complex scattering potential-ionization
contribution approximation method. Szmytkowski et al!l'”]
have measured the total cross sections for electron scatter-
ing by SO,Cl, in an energy range from 0.5 eV to 150 eV.
Above 150 eV, no experimental data are available on SO,Cl,.
Joshipura and Gangopadhyay ¥ presented the theoretical re-
sults for electron scattering from SO,Cl, in an energy range
from 10 eV to 2000 eV. For SO, CIF, the total electron scatter-
ing cross sections were measured by Szmytkowski er al!'°]
in an energy range from 0.6 eV to 370 eV and calculated
by Joshipura and Gangopadhyay!*! in an energy range from
15 eV to 2000 eV. Above 370 eV, there are no experimental
total cross sections for electron scattering from the SO,CIF
molecule. The total cross section measurements for electron
scattering from SO,F, have been made by Wan et all'”l of
electron energy only below 12 eV. Recently, the total cross
sections for electron scattering by SO,F, have been calcu-
lated theoretically by Szmytkowski er al.l'> and Joshipura and
Gangopadhyay ¥ for electron energies ranging from 40 eV to
4000 eV and from 20 eV to 2000 eV, respectively.

On the theoretical side, the additivity rule!'®2% is a rel-
atively simple but effective method, especially for smaller
molecules or at high enough energies. However, for larger
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molecules or at lower energies, great disagreement between
the experimental data and the additivity rule results still ex-
ists even at an electron energy of several hundreds of eV.
This is because electron—molecule scattering is reduced to
electron—atom scattering in the additivity rule. Considering
the difference between the bound atom in the molecule and
the corresponding free atom, the additivity rule method has
been revised.”>?] With the revised additivity rule, the to-
tal cross sections for electron scattering from some hydrocar-
bon molecules and fluoromethanes were obtained and a better
agreement with the experimental data was achieved.>!->?1 In
the present paper, we further use the revised additivity rule to
calculate the total cross sections for electron scattering from
SO, SO,, SO,Cl,, SO,CIF, and SO,F, molecules. The infor-
mation about electron scattering for these molecules is scarce
in spite of their importance.

2. Theory

The additivity rule!'®2°1 is based on the assumption that
anisotropic interactions between electrons and molecules are
negligible in the calculation of total cross sections for inter-
mediate and high energies. As a result, the total cross sec-
tions of electron—-molecule scattering are written as the sum
of the total cross sections of the constituent atoms in the
molecule. Here, it is obvious that no molecular geometry is in-
volved, so electron—molecule scattering problem is reduced to
an electron—atom scattering problem which is easier to handle.
The electron—atom interactions are represented by the optical
potential

Vopt:Vs(r)+ve(r)+Vp(r)+iva(r)7 9]

which incorporates all the important physical effects.
Presently the static potential V;(r) for an electron—atom sys-
tem is calculated from the well-known Hartree—Fock atomic
wave function.[”?! Exchange potential V,(r) provides a semi-
classical energy-dependent form of Riley and Truhlar!>*]
Zhang et al>! gave a smooth form for polarization potential
Vp(r) at values of all #’s, which has a correct asymptotic form
at large value of r and approaches to the free-electron—gas cor-
relation potential®®! in the near-target region. This potential
model has been proved to be fairly successful in obtaining total

(241 The imaginary

cross sections for electron—atom scattering.
part of the optical potential V,(r) is the absorption potential,
which represents approximately the combined effect of all the
inelastic channels. Here, the absorption potential of Jiang et

al?"1 is adopted as the following form

T
Va(r) = —po(r)/ 5. @)

L=k —Vi—Ve—V,. (3)

In Eq. (2), po(r) is the charge density of the correspond-
ing free atom, and
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ke = [3%po(r)]'/?, ©)
W =2A, (6)

k? is the energy of the incident electron, with A being the first
excitation energy of the target atom. Static potential Vi(r),
exchange potential V;(r), polarization potential V,(r), and the
absorption potential V,(r) are all relevant to the atomic charge
density po(r).

According to the additivity rule, the total cross section Ot
for a molecule is given by

4
Or = %Ime(B =0)

N
— Ty (0 =0)
kA
N
=Y q1(E), (7)

where q% and f; are the total cross section due to the j-th atom
of the molecule and the complex scattering amplitude for con-
stituent atoms of the molecule, respectively. The qu of Eq. (7)
for the j-th atom is obtained by the partial wave method as

Imax

d=EF eni-siPra-rl. ®
=0

where s{ is the /-th complex scattering matrix element of the
Jj-th atom, which is related to the partial wave phase shift as
s{ = exp(2i0;;). The limit /pa is taken, which is enough to
generate the higher partial-wave contributions until a conver-
gence of less than 0.5% is achieved in the total cross section
calculation. To obtain s{ we solve the following radial equa-
tion:

d? I(1+1
<M+k2—2vopt— (r2 )>u1(r):0. )

Under the boundary condition

i (kr) ~ kr(j(kr) — iny (kr)] + s;kr(j; (kr) + in; (kr)], (10)
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where j; and n; are spherical Bessel and Neumann functions
separately.

Obviously, the additivity rule model does not distinguish
the free atom from the bound atom in the molecule. Consider-

ing this, we present!>!-2?]
p(r)=f-po(r), an
where
R N—-Z
=l 12
/ R+d N’ (12)

p(r) is the charge density of the bound atom in the molecule,
and py(r) is the charge density of the corresponding free atom.
f is a revised factor for a bound atom in the molecule. Thus,
the additivity rule is revised with Eqgs. (11) and ((12).

3. Results and discussion

The total cross sections for electron scattering from SO,
SO,, SO,Cl,, SO,CIF, and SO,F, are calculated with the re-
vised additivity rule method. The present results are compared
with the available experimental and theoretical data shown in
Figs. 1-5.

There are no experimental total cross sections for elec-
tron scattering from SO to our knowledge, so the present re-
sults for electron scattering from SO in an energy range from
10 eV to 3000 eV are compared with the theoretical data of Jo-
shipura and Gangopadhyay [*! as shown in Fig. 1. The present
results are in better agreement with the theoretical datal*! than
the original additivity rule results above 300 eV. Below this,
the present results and the original additivity rule results are
both much higher than the theoretical data,!*! so experimental
data are needed to elucidate our results.
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Fig. 1. Total cross sections for SO. Solid line: present results, dashed
line: additivity rule results. Theoretical results: Joshipura and Gan-
gopadhyay. (4]

Figure 2 shows the present total cross sections for elec-
tron scattering from SO, in an energy range from 20 eV to
3000 eV and the available experimental and theoretical re-
sults. From Fig. 2, we can see that the present results are in

better agreement with the experimental data than the additiv-
ity rule results in the whole energy range. For example, the
difference between the preset result and the measurement of
Szmytkowski et all'*! is only 11.65% at 50 eV, while the dif-
ference between the additivity rule result and the measurement
of Szmytkowski ef all'¥ reaches 31.19%. The additivity rule
result deviates from the experimental result of Zecca et al®!
by 27.95%, while the present result deviates only by 4.09%
at 400 eV. At the same time, we also notice that larger dif-
ferences exist between the measurements of Szmytkowski et
al" and those of Szmytkowski and Maciag!'3! in an energy
range between 20 eV and 70 eV. This may be due to the im-
provement made in the new experimental setup.!'*! The dif-
ference between the present result and the theoretical datum
of Joshipura and Gangopadhyay [*! is 27.95% at 100 eV, while
the difference for the additivity rule is 39.37%. The present re-
sult deviates from the semiemprical datum of Zecca et al [°! by
about 3.4% at 800 eV, while the additivity rule result deviates
by 23.02%.
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Fig. 2. Total cross sections for SO,. Solid line: present results, dashed
line: additivity rule results. Experimental results: Szmytkowski et
al ' Zecca et al 10 Szmytkowski and Maciag.m] Theoretical results:
Joshipura and Gangopadhyay,*! semiempirical data of Zecca et al ]

In Fig. 3, the present results for SO,Cl, are compared
with the measurements of Szmytkowski et al'>! and the the-

s.[415] The present results give better agreement

oretical value
with the measurements of Szmytkowski et all'>! than the ad-
ditivity rule results in the whole overlapping energy range. For
example, the difference between the present result and the ex-
perimental result of Szmytkowski et al'3! is 28.74% at 70 eV,
while the difference between the additivity rule result and
the measurement of Szmytkowski et all'>! reaches 52.75%.
Above 150 eV, there are no experimental data for SO,Cl,, so
the present results are compared with the theoretical data.[*!]
Above 400 eV, the present results are in better agreement with
the theoretical data of Joshipura and Gangopadhyay!*! than
the additivity rule results. Below 400 eV, the theoretical data
of Joshipura and Gangopadhyay[*! are much lower than the
present data and the additivity rule results. The present re-

sults are in good agreement with the theoretical results of
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Szmytkowski et all'>! in the overlapping energy range. For
example, the present results deviate from the theoretical data
of Szmytkowski et al!'>! only by 4.7% at 500 eV. Of course,
more experimental data are needed to elucidate the present re-
sults and the other theoretical data.

e—SOgClg

—_
o]
=]

+ —— present results
gof T additivity rule results
= Szmytkowski et al.
a  Joshipura and Gangopadhyay
< theoretical data of Szmytkowski et al.

60

Total cross sections/10720 m?

Electron energy/10% eV

Fig. 3. Total cross sections for SO,Cl,. Solid line: present results,
dashed line: additivity rule results. Experimental results: Szmytkowski
et al!' Theoretical results: Joshipura and Gangopadhyay,*! and
Szmytkowski et a1’

The present total cross sections for electron scattering
from SO,CIF are shown in Fig. 4 with the experimental data
of Szmytkowski et all'® and the theoretical results of Jo-
shipura and Gangopadhyay ¥ and Szmytkowski e al.l'®! The
present results are in better agreement with the measurements
of Szmytkowski e al'®! than the additivity rule results in the
whole overlapping energy range. Above 370 eV, there are no
experimental data for the comparison, so the present results
are compared with the other theoretical results.!*1®! The dif-
ference between the present result and the theoretical datum
of Joshipura and Gangopadhyay is 15.67% at 700 eV, while
the difference between the present result and the theoretical
result of Szmytkowski et al. is only 2.83% at 600 eV.
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Fig. 4. Total cross sections for SO,CIF. Solid line: present results,
dashed line: additivity rule results. Experimental results: Szmytkowski
et all'®) Theoretical results: Joshipura and Gangopadhyay,*! and
Szmytkowski ez al.1°]
Figure 5 shows all the total cross sections for electron
scattering from SO,F,. The only available experimental data

are the measurements by Wan et all'’! in an energy range from

0.2 eV to 12 eV. From this figure, we can see that the measure-
ments of Wan et all'”! are much lower than all the theoretical
results. From a comparison between the total cross section be-
haviors for fluorinated targets, Christophorou and Olthoffl?8]
concluded that the experimental data of Wan et all'”! are sig-
nificantly underestimated. In general, the present results are
in fair agreement with the theoretical data of Szmytkowski et
al31 in the whole overlapping energy range. Above 400 eV,
the present results are also in better agreement with the theo-
retical results of Joshipura and Gangopadhyay 4! than the ad-
ditivity rule results. Below 400 eV, the theoretical results of
Joshipura and Gangopadhyay [*! are much lower than the other
theoretical data, so further experimental and theoretical stud-
ies are needed in this energy range.

e—SOQFQ

present results
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o Wan et al.
A Szmytkowski et al.
* Joshipura and Gangopadhyay
¢ theoretical data of Szmytkowski et al.

40

30

Total cross sections/10~20 m?

Electron energy/103 eV

Fig. 5. Total cross sections for SO,F,. Solid line: present results,
dashed line: additivity rule results. Experimental results: Wan et
al'7) Theoretical results: Szmytkowski et al. ' and Joshipura and
Gangopadhyay.'*!

In general, as shown in Figs. 1-5, the present revised ad-
ditivity rule results which consider the difference between the
bound atom in a molecule and the corresponding free atom
can give better agreement with the available experimental and
theoretical data than the original additivity rule results over a
wide energy range. At low energies, the present results exceed
the experimental values, since the geometry shielding effect
is not included in the present calculations. This effect may
be important at low energies, because a molecule is not fully
transparent for low energy electrons and the inner atoms are
shielded by the outer atoms, which does not contribute to the
total cross sections.

4. Conclusions

In this paper, the revised additivity rule approach is em-
ployed to calculate the total cross sections for electron scatter-
ing by five molecules SO, SO,, SO,Cl,, SO,CIF, and SO,F;
in the energy range from 10 eV to 3000 eV. From our studies,
we can draw some conclusions as follows.

(1) Generally, the original additivity rule method cannot
give reasonable results for these molecules especially below
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1000 eV, because the electron—molecule scattering is simply
reduced to electron—atom scattering in this method.

(i1) The revised additivity rule method is effective in gen-
erating the total cross sections of electron scattering from these
molecules in the present energy range, and therefore can be
used to predict the total electron scattering cross sections for
larger or more complex molecules over a wide energy range.
At the same time, we also notice that the experimental results
of electron scattering for SO, SO,Cl,, SO,CIF, and SO,F,
molecules are very scarce in the present energy range, so the
present results can give a reference for further experiments.
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