Vol 14 No 2, February 2005
1009-1963/2005/14(02)/0331-05

Chinese Physics

© 2005 Chin. Phys. Soc.
and IOP Publishing Ltd

Differential, elastic integral and moment transfer

cross sections for electron scattering from N,
at intermediate- and high-energies’

Shi De-Heng(jfif&ifE )™, Liu Yu-Fang(X| E3%)P, Sun Jin-Feng(#h4x#)P,
Zhu Zun-Lue(Z& 8% )2, and Yang Xiang-Dong (4[] 45)°)

a) College of Physics and Electronic Engineering, Xinyang Normal University, Xinyang 464000, China

b) Department of Physics, Henan Normal University, Xinxiang 453007, China

<) Institute of Atomic and Molecular Physics, Sichuan University, Chengdu 610065, China

(Received 21 July 2004; revised manuscript received 30 September 2004)

A complex optical model potential modified by incorporating the concept of bonded atom, with the overlapping

effect of electron clouds between two atoms in a molecule taken into consideration, is firstly employed to calculate the

differential cross sections, elastic integral cross sections, and moment transfer cross sections for electron scattering from

molecular nitrogen over the energy range 300-1000eV by using additivity rule model at Hartree—Fock level. The bonded-

atom concept is used in the study of the complex optical model potential composed of static, exchange, correlation

polarization and absorption contributions. The calculated quantitative molecular differential cross sections, elastic

integral cross sections, and moment transfer cross sections are compared with the experimental and theoretical ones

wherever available, and they are found to be in good agreement with each other. It is shown that the additivity rule

model together with the complex optical model potential modified by incorporating the concept of bonded atom is

completely suitable for the calculations of differential cross section, elastic integral cross section and moment transfer

cross section over the intermediate- and high-energy ranges.
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1. Introduction

In recent years, there has been an increasing in-
terest in the calculation of differential cross sections
(DCSs), elastic integral cross sections (ICSs), and
moment transfer cross sections (MTCSs) for electron
scattering from molecules. The reason is twofold.
Firstly, the availability of new DCS, ICS and MTCS
measurements (especially at higher incident energies)
enables a fairly detailed comparison between calcu-
lations and measurements. Secondly, DCS, ICS and
MTCS are increasingly demanded, since these theo-
ries over the wide energy and angular ranges can be
used in many fields, such as plasma-assisted material
processing, laser, atmospheric science and aeronauti-
cal fields, etc.

However, it is well known that the problem

of electron—molecule scattering is more complicated

than that of the corresponding electron—atom scat-
tering, which is due to the multicentre nature, the
lack of symmetric centre (in the case of polyatomic
and hetero-nuclear molecules) and its nuclear motion.
Hence, for electron—molecule scattering, many differ-
ent approaches have been proposed.'—3! Here, over
the intermediate- and high-energy ranges, almost all
inelastic channels (rotational, vibrational, electronic
excitation and ionization process, etc) are open, so it
is difficult to obtain the wavefunction of a molecule.
Thus, it is almost impossible to carry out the cal-
culation of conventional close-coupling for electron—
molecule scattering. It is therefore unsurprising that
many previous calculations on the DCS, ICS and
MTCS for electron—molecule scattering are limited to

a low-energy region.

Recently, a fairly simple approach, namely the
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additivity rule (AR) model, where a molecular cross
section is an incoherent sum of the cross sections of
the constituent atoms, was employed successfully by
Raj* to obtain the total cross section (the momentum
transfer cross section, the elastic integral cross section)
for electron scattering by a sample of four molecules
(O3, CO, CO2 and CF,4) at 100-500eV. Lately, Jo-
shipura and Patell®! employed the AR model and the
complex optical model potential to obtain the total
cross section for electron scattering from molecules
(02, N3, CO and CO;) at 100-1000eV. Very recently,
considering two different shielding effects, Sun et all®
also used the AR model and the complex optical
model potential to calculate the total cross section
for electron scattering from molecules (CoHa, CoHy,
CyHg, and C3Hg) at 10-2000eV. Though many other
authors?4 gave the DCSs for electron scattering by
molecules through the use of the AR model and com-
plex optical model potential below 1000eV, there ex-
ist large differences between calculations and measure-
ments.

In this paper, the complex optical model poten-
tial, which takes into account the overlapping effect
of electron clouds between two atoms in a molecule,
is firstly employed to calculate the DCSs, ICSs and
MTCSs for electron scattering from the molecular ni-
trogen at intermediate and high energies. In the next
section, we describe in detail the modified potential
and the AR model. In Section 3, we present the cal-
culations and discussion for the DCS, ICS and MTCS
of the molecular nitrogen and compare them with
the available measurements. Concluding remarks are
made in Section 4. Atomic units are used throughout

this paper unless otherwise specified.

2. Theory and method

With the AR model, the DCS, ICS and MTCS
for a molecule containing N atoms averaged over all

the orientations of the rotating molecule are given by

16) = Y If:0)/" (1)

Qi(E) =2rm /07r 1(0) sin 040, (2)

Qum(E) =27 /07r I1(6)(1 — cos ) sin 66, (3)

where I(0) is the DCS for the molecule, 6 is the
scattering angle, f;(0) is the scattering amplitude of
the ¢th atom constituting the molecule, Q1(E) and

Qm(E) are ICS and MTCS of the molecule, respec-
tively. From Eq.(1), we easily see that the atomic
scattering amplitudes referred to a single centre are
added incoherently. So, no molecular geometry is in-
volved in the AR model of the DCS. Thus, a molecular
scattering problem is reduced to an atomic problem
which is easier to handle.

The scattering amplitude of the ¢th atom in terms

of partial waves is given by
1
RO = 3 R @G- Do), (0

where S; is the complex scattering matrix and can be

obtained by solving the following radial equation:

d? I(1+1)
(_ + kz - Vopt - 7"2

& Juty=0 @)

under the boundary condition (r ~ o)

ui(kr) ~ krliji(kr) — ing(kr)] + Sikr[5i(kr) + ing(kr)].
(6)
Here j; and n; are spherical Bessel and Neumann func-
tions, respectively. The limit [ is taken to be large
enough to make the higher partial-wave contributions
until a convergence less than 0.5% is achieved again
in the DCS, ICS and MTCS. V, is the appropriate
complex optical potential which includes all the im-
portant physical effects.
In the present study, the V,,; of the atom in a

molecule is given by
Vopt (r) = Va(r) + Vp(r) + Ve(r) +1Va(r).  (7)

The static potential V(r) for e-atom scattering is
calculated by using the atomic charge density de-
termined from the well-known Hartree—Fock atomic
wavefunction.”) The exchange potential V.(r) pro-
vides a semiclassical energy-dependent form presented
by Riley and Truhlar.®! The polarization potential
Vp(r) is given by our group,!®) which has a correct
asymptotic form —a/2r* at a large r. The absorption
potential V,,(r) represents the combined effect of all
the inelastic channels and is given by Staszewska et
[10]

In the previous study, the AR model of the DCS

did not consider the formation of the chemical bond

al.

and overlapping effect of electron clouds between two
atoms in a molecule. So, the errors in calculations are
large.

Here, we introduce the concept of bonded atom

and take into consideration the overlapping effect of
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electron clouds between two atoms. That is to say,
the atom in molecules is different from the one in a
free state. Thus, electron charge density p(r) must be

rewritten as the following form:
p'(r)=f-p(r), (8)

4.z

where f is a structural factor, d and R are the bond
length and the sum of the radii of the two atoms re-
spectively, and Z and N are the electron number of
the outmost shell and the total electron number of the

atom, respectively. So, Eq.(7) can be rewritten as
Vopt(r) = f - Va(r) + Vo (r) + Ve(r) +if - Va(r). (10)

According to the concept of the bonded atom
mentioned above, the DCSs for the same atoms in
different molecules may be different, which is because
the overlapping effect of the electron clouds for the

same atoms in different molecules may be different.

The value of parameter R in molecular nitrogen
is achieved by using the atomic charge density de-
termined from the well known Hartree-Fock atomic

wavefunction.["]

3. Results and discussion

Employing the AR model along with the mod-
ified optical potential, we calculate the DCSs, ICSs
and MTCSs of electrons scattering from molecular
nitrogen at 300, 400, 500, 800 and 1000eV. Our re-
sults together with the available measurements!''—1¢!
and other calculations(? are shown in Figs.1-5 and

Table 1.
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Fig.1. Differential cross sections for e-N3 scattering
at 300eV.
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Fig.2. Differential cross sections for e-Ng scattering
at 400eV.

From Figs.1 and 2, we can easily see that the
present DCS results are in good agreement with the

11-15] and the largest dis-

available measurements,|
crepancy is about 15% at 300eV. These prove that
the complex optical model potential modified by in-
corporating the concept of bonded atom is completely

suitable for the DCS calculations.
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Fig.3. Differential cross sections for e-Ng scattering
at 500eV.
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Fig.4. Differential cross sections for e-Ng scattering
at 800eV.

It may be noted that the present DCS results are
higher than the measurements in Fig.1 and the dis-

crepancies mainly exist at small angles from 15° to
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30°, which may be attributed to the multiple scatter-
ing and the valence distortion which have been ne-
glected in the present study. At lower incident en-
ergies, the de Brogile wavelength associated with the
incident particle will become comparable to the inter-
nuclear distance which will increase the possibility of
multiple scattering. It is expected that the inclusion
of multiple scattering effects at lower energies will re-
duce the DCS values by a significant amount.[!” The
likely effect of the valence bond distortion is also to
reduce the DCS values at lower energies.['8] Further
work to investigate the quantitative results of multi-

ple scattering effects on DCS is under way.
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Fig.5. Differential cross sections for e-Ny scattering
at 1000eV.

From Figs.3-5, we also see that the present
DCS with all the

measurements!1:12:14-16] 4t a]] angles. These fully

results are in agreement
prove that the AR model together with the complex
optical model potential modified by incorporating the
concept of bonded atom is completely suitable for the
DCS calculations of e-N5 scattering, though we do not
consider multiple scattering and valence distortion in

the present study.

Table 1 shows that the present ICS results are
slightly lower than the theoretical results obtained by
Lee and Igal? at 300-800eV and accord well with
them!?! as the incident electron energy increases. For
example, at 300eV, the present ICS result is only
about 7.6% lower than the calculations.!?l At 400eV,
the present ICS result is only 1.2% higher than the
measurement.[!5] For MTCS results, the discrepancies
between the present calculations and the theoretical
results presented by Lee and Igal?! or the measure-
ments given by DuBois and Rudd [*! are within 7.0%.
Thus, they are in good agreement with each other.
Though there are no measurements about ICS and
MTCS at 1000eV, from the good agreement between
our calculations and the available measurements at
300, 400, 500, 700 and 800eV, we can deduce that our
results at 1000eV must be reliable, too.

Obviously, the present results are shown to be
in good agreement with the measurements!!* 16 and
other calculations[? as shown in Figs.1-5 and Table 1
over the whole energy range. From the above calcu-
lations, we may consider this approach as a successful
attempt at using the AR model to convert a molecular
scattering problem into an atomic scattering problem
which is easier to handle, in particular at higher en-
ergies. Though this method cannot provide very ac-
curate calculations, the present results are compara-
ble with the available measurements and calculations
qualitatively. They can predict the outcome of exper-
imental research, particularly for these molecules of
which the wavefunctions are not available at present.
We hope that the AR model can encourage more ex-
perimental work and theoretical calculations of DCS,
ICS and MTCS over the intermediate and high energy

range in the near future.

Table 1. ICSs and MTCSs for e-N» scattering.

source energy
300 400 500 700 800 1000

ICS

This paper 10.05 7.86 7.03 6.12 4.32 3.25

Ref.[2] 10.88 7.92 7.46 6.21 4.73 -

Ref.[15] - 777 6.22 - 3.87 -
MTCS

This paper 1.91 1.30 0.88 0.71 0.498 0.359

Ref.[2] 1.83 1.29 0.89 0.72 0.51 -

Ref.[13] 1.79 1.31 - - - -
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4. Conclusions

By using the AR model which ignores molecular
geometry, a molecular scattering problem is reduced
to an atomic scattering problem which is easier to han-
dle. In this paper, we have employed the AR model
and the modified optical potential to obtain quite en-

couraging results for the DCSs, ICSs and MTCSs of
e—Nj scattering system. As further research, we will
employ the AR model and the modified optical po-
tential to calculate more DCSs, ICSs and MTCSs for
electrons scattered by molecules, so that we can check
to what extent calculations and measurements are in

agreement with each other.
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