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To quantify the changes of the geometric shielding effect in a molecule as the incident electron energy varies,
we present an empirical fraction, which represents the total cross section (T'CS) contributions of shielded atoms

in a molecule at different energies.

Using this empirical fraction, a new formulation of the additivity rule is

proposed. Using this new additivity rule, the TCSs for electron scattering by CO2, CoHa, CgHi2 (cyclo-hexane)
and CsHis (cyclo-octane) are calculated in the range 50-5000 V. Here the atomic cross sections are derived from
the experimental T'CS results of simple molecules (Hz, Oz, CO). The quantitative TCSs are compared with those
obtained by experiments and other theories, and good agreement is attained over a wide energy range.

PACS: 34.80.—i

There is a lack of accurate theoretical calculations
over the intermediate- and high-energy ranges. To
calculate the accurate total cross sections (TCSs) for
electron scattering by molecules at higher energies,
many new approximation methods have been devel-
oped so far. Of these methods, the additivity rule
(AR) modell!l is a fairly simple and practical one,
particularly for simpler and smaller molecules at high
enough energies. However, for complex molecules, 2!
great discrepancies still exist even at energies of sev-
eral hundreds of V.

In order to extend the AR model validity to lower
energies, a number of investigations have been made
in recent years. Bobeldijk et al.[¥l presented two ge-
ometric AR (GAR) methods, and obtained encour-
aging electron impact ionization cross section (ICS)
of several molecules at energies of several tens of eV,
however they did not calculate the TCS of electron
scattering by molecules. Deutsch et al.l® applied a
modified AR (with an atomic weighted factor) to the
molecular ICS, whereas they did not calculate the
molecular TCS, too. Joshipura and Patell®! separated
the polarization interaction from the optical potential,
and obtained atomic cross sections from the remain-
der. Then, they summed atomic cross sections with
the cross sections for scattering on the molecular po-
larization potential. Employing this approach, they
calculated the TCSs for a number of molecules and
improved their results in this way. Zecca et al.[”l pre-
sented a new AR formula, which takes into account
the geometrical screening of the component atoms
in a molecule. Using this formula, they calculated
the TCSs of electron scattering by several molecules.
Favourable agreement with measurements is obtained
at intermediate and high energies. However, their re-
sults are smaller than the measurements at lower ener-

gies. Recently, to find the TCS of electron scattering
by molecules, Antony et al.l¥ have also proposed a
modified AR named the group additivity method, in
which the cross section arising from each constituent
group of a molecule was added together to obtain the
molecular TCS. Using this method, they calculated
the TCSs of electron scattering by several molecules.
Good agreement with experiment is attained over a
wide energy range. Jiang et al.l®! proposed a modifi-
cation method named the energy-dependent geometric
AR (EGAR) approach, and calculated the TCS for
electron scattering by a number of molecules. Since
the target molecular dimension is not considered, obvi-
ous deviations still exist at lower energies for complex
molecules. To improve the agreement between theory
and experiment, in this Letter we take into considera-
tion of the shielding effect of atoms in a molecule and
discuss further modifications to the AR model, which
depends on the target molecular dimension and the
energy of the incident electrons.

In the original AR model, the molecular TCS is
given bylll

Qun(E) = %ImFm(a —0)

~ Ty 50 =0)= Y ah(B), 0
j=1 Jj=1 1

where Fy,,( = 0) is the electron-molecule scatter-
ing amplitude for the forward direction; ¢J.(E) and
fj(6 = 0) denote the TCS and the complex scattering
amplitude for the jth constituent atom, respectively.

In Eq. (1), one main effect is not considered: a
close-packed molecule is not fully transparent for low-
energy electrons, and the ‘inner’ atoms are partially
shielded by the ‘outer’ atoms and contribute less to
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the molecular TCS at lower energies than those at
higher energies. The shielding effect, which leads to
negative contributions to the TCS in the AR model,
is dependent on the molecular geometry. Accounting
for the shielding effect, Bobeldijk et al.[ introduced
the GAR method to calculate the molecular ICS. We
find that the GAR model is also a good approach to
obtain the TCS for electron scattering by molecules,
particularly for complex molecules at low energies.!”]
When the GAR model is applied to the calculation of
TCSs, it can be expressed as

1

Qoan(B) = 3QI(E)+5Q.(B), ()

where Q) (E) and Q1 (E) are the TCS for electrons ap-
proaching the molecule parallel to the Z axis (0 = 0°)
and the TCS for an approach perpendicular to the
Z axis (6 = 90°), respectively. Here the coordinate
system is fixed at the centre of the molecule and the
Z-axis is attached to the longest axis of the symmetry.
For instance, in the case of C¢Hi2, Q||(E) and Q1 (E)
are equal to 3Qcm, and 6Qcw, respectively. In the
case of molecule CsHig, Q)(F) and Q1 (F) are equal
to 4Qcm, and 8Qcm, respectively. More precisely,
QcH, and Qcpm are the TCSs of electron scattering
by CH; and CH, and are obtained still by the AR
model [Eq. (1)].

Calculations have shown that the GAR model is
valid at lower energies!?! and overestimates the shield-
ing effect in molecules over the high-energy region,
resulting in lower TCS results. In comparison, the
AR model is accurate at higher energies/? and disre-
gards the shielding effect at lower energies, resulting
in higher TCS results compared with experiments, es-
pecially for complex polyatomic molecules. We know
that a close-packed molecule is not fully transparent
for low-energy electrons, while the transparency will
increase with the electron energy. That is to say, when
the energy is very low, the inner atoms are shielded
partially by the outer atoms, thus the GAR model
can give encouraging results, but the AR model not.
When the energy is high enough, the molecule is fully
transparent and each atom in the molecule can scat-
ter independently. Thus the interaction effect between
atoms can be neglected at sufficiently high energies.
Hence, the AR model is valid, but the GAR model
not. Taking into account these factors, we incorpo-
rate the advantages of GAR and AR, and present a
new AR formula,

Qres(E) = Qaar(E)+A[Qar(E) —Qcar(E)], (3)

where A is an empirical fraction, which signifies the
contribution of shielded atoms for different molecules
at different energies. There are two methods to de-
termine the parameter A: through the theoretical cal-
culation or using an empirical approach. The formal
calculation of the contribution of a shielded unit to
the molecular TCS is highly complicated by the ge-

ometry and composition of the molecule as the en-
ergy is varied.l¥) Thus, we choose the empirical ap-
proach. The suitable expression of the parameter A
should correctly reflect that the geometric shielding
effect varies with the energy and the target molecular
specifications, such as target molecular geometric di-
mension, total electron number and atom number in
a molecule. For determining the parameter A, three
factors should be considered. Firstly, when the energy
is low enough, since the GAR model is valid, the value
of A must satisfy Qros(E) ~ Qcar(E). When the
energy is high enough, because the AR model is accu-
rate, the A must satisfy Qrcs(F) ~ Qar(E). This
means that the empirical fraction A — 0 if £ — 0,
and A — 1if E — oo. That is to say, the higher the
energy is, the less effect geometrical shielding will have
on the TCS of the molecule. Secondly, at a given en-
ergy, the larger the size of a molecule, the greater the
discrepancy between the TCSs calculated according to
Eq. (1) and the experimental values. This implies that
the larger the volume of a molecule is, the smaller the
empirical fraction A should be. The calculations also
show that when molecules have the same total num-
ber of electrons, the greater the total atomic number
in the molecule, the smaller the empirical fraction A.
When molecules have the same total atomic number,
the more the total number of electrons in the molecule,
the smaller the empirical fraction A, too. Thirdly, the
calculations show that Eq. (1) can not give the correct
shape of the TCS curve. This can be clearly seen in
the log-log curves plotted using the TCS results given
in Refs. [2,3]. The main problem is that these log-log
curves are steeper than those obtained by the corre-
sponding measurements. Figures 1-4 in this study
are good examples. Thus, the empirical fraction A
relating to F and some molecular parameters should
ensure the reasonable shape for TCSs against the ex-
perimental data in the whole energy range. Taking
into account these factors, we assume that the A over
the whole energy range behaves as

E
e 4
mndC + E’ (4)

where m and n are the electronic and atomic numbers
in the molecule, respectively; d is the target molecu-
lar dimension in atomic units, which can be roughly
determined by the bond length and bond angle given
in Ref.[10]; F is in units of eV and C is a constant
considering the reasonable dimension relation, which
is equal to 1eV/ag.

Is the problem, of which the log-log curves are
steeper than those obtained by the experimental find-
ings, brought by the AR model itself, or by the the-
oretical calculation accuracy for electron-atom scat-
tering? In order to avoid the theoretical calculation
suspicion of electron-atom cross sections, here we use
the inversion algorithm to determine the atomic cross
sections of electron scattering by H, O and C from the



No. 10

SHI De-Heng et al.

2821

measured TCSs of Hy, Oy and CO, which come from
the Trento laboratory.['2=13] The derived atomic cross
sections are tabulated in Table 1.

Table 1. TCSs in units of ag for electron scattering by atoms
H, O and C.

E (eV) C H 0

50 23.607 22.429 7.857
100 19.179 18.179 5.250
200 13.714  13.000 3.071
500 7107  6.893  1.393
1000 3.964  3.929  0.750
2000 2.143 2107  0.393
5000 0.893  0.893  0.254

Employing the modified AR model, we have cal-
culated the TCSs of electron scattering by two sim-
ple molecules (CO3 and CyHj) and two complex ones
(C¢Hi2 and CgHyg). The present results are depicted
in Figs.1-4. It should be noted that there have not
been any other theoretical investigations about elec-
tron scattering by CgH15 and CgHg due to their com-
plexity.

CO; offers a large amount of experimental and
theoretical data for comparison. Figure 1 shows the
present modified and unmodified AR results together
with measurements obtained by Szmytkowski et al.[*%
at 50-3000 eV, Kwan et al.[*®! at 100-500 eV, Xing et
al.[19] at 500-4250 eV, Garcia et al.17)] at 400-5000 eV,
as well as theoretical results obtained by Zecca et
alll at 50-5000 eV and Jain et al.l'8 at 50-5000eV.
For clarity, numbers of results, such as the ones ob-
tained by Joshipura et al.l%! at 50-2000eV, Blanco
and Garcial!®! at 50-1000 eV, Garcia and Manero!2!
at 500-5000 eV, Jiang et al.l*'l at 50-1000 eV and Ju-
shipura and Patel®? at 100-2000 eV, are omitted in
Fig. 1. Comparing the present modified AR results
with the measurements,[!*~17! we find that there is ex-
cellent agreement between them at all the overlapping
energies, and the problem, of which the TCS log—log
curve is steeper than those obtained by the experi-
mental findings, almost disappears. In comparison,
the present unmodified AR results are in poor agree-
ment with all the measurements below 200€V. 1

Figure 2 depicts the present modified and un-
modified AR results of electron scattering by CoHs
along with the measurements obtained by Ariyasinghe
and Powers23! at 200-1400 eV, Xing et al.[24 at 400~
2600 eV, Sueoka and Moril2?! at 50-400 eV, as well as
the theoretical results obtained by Jain et al.['8] at
50-5000 €V and Vinodkumar et al.l?$] at 50-2000 V.
Similarly to Fig. 1, to avoid congestion in Fig. 2, some
results, such as the ones obtained by Jiang et al.2") at
50-1000 eV and Joshipura and Vinodkumar(2®! at 50—
500 eV, are not included. From Fig. 2, we can see that
the present modified AR results are in good agreement
with almost all the measurements at all the overlap-
ping energies. However, there are large discrepancies
between the present unmodified AR results and all
the measurements at lower energies, especially below

300eV. In addition, the problem, of which the TCS
log—log curve is steeper than those obtained by exper-
iments, almost disappears for the present modified AR
model.
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Fig.1. TCSs for electron—-CO» scattering. Theoretical
results: solid line for the present modified AR calcula-
tions; dashed line for the present unmodified AR calcu-
lations; dotted line from Jain et al.;l'8] dash-dotted line
from Zecca et al.[”] Experimental findings: open circle
from Szmytkowski et al.;l'4] triangle from Kwan et al.;['®]
square from Xing et al.;[ls] closed circle from Garcia and
Manerol17]
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Fig. 2. TCSs for electron—-CgoHy scattering. Theoretical
results: solid line for the present modified AR calcula-
tions; dashed line for the present unmodified AR calcu-
lations; dotted line from Jain and Baluja;[w] dash-dotted
line form Vinodkumar et al.[%]) Experimental findings:
triangle from Ariyasinghe and Powers;[%] open circle from
Xing et al.;[?] square from Sueoka and Moril2®]

As far as the TCS of electron scattering by CgHis
is concerned, only group of measurements(??! at 0.4-
1000 eV can be found in the literature. The present
modified and unmodified AR results as well as the
measurements are shown in Fig.3. We can clearly
seen that the present modified AR results are in good
accord with the measurements!? almost at all the
overlapping energies. For example, the differences be-
tween them are 12.8%, 11.7%, 10.5% and 0.2% at 50,
100, 200 and 1000eV for CgHis, respectively. Above
1000eV, no experiments have been found to date.
However, according to the good agreement between
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the present calculations and the experimental results
at 50-1000 eV, we conclude that the present modified
AR results above 1000 eV must be reliable.
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Fig. 3. TCSs for electron—-CgH12 scattering. Theoretical
results: solid line for the present modified AR calculations;

dashed line for the present unmodified AR calculations.
Experimental findings: circle from Sueoka et al.[29]

In Fig.4, we report the comparison between the
present modified and unmodified AR results and only
the group of measurements obtained by Sueoka et
al.B% at 50-1000eV. Good agreement is found be-
tween the modified AR results and the measurements
above 200eV. The discrepancy is quickly decreased
when the energy increases. As can be seen from Figs. 3
and 4, there is poor agreement between the present
unmodified AR results and the measurements almost
at all overlapping energies.

Total cross section (aZ)

100 1000
E (eV)

Fig. 4. TCSs for electron-CgH1g scattering. Theoretical
results: solid line for the present modified AR calculations;
dashed line for the present unmodified AR calculations.
Experimental findings: circle from Sueoka et al.130]

Now we briefly summarize the present TCS results
of electron scattering by the four molecules. (1) For
the present modified AR model, the problem, of which
the TCS log—log curve is steeper than those obtained
by experiments, almost disappears. However, for the
original AR model, the more complex the molecule,
the steeper the TCS curve when compared with the
corresponding experiments. (2) The present modified

AR results agree well with the measurements over a
wide energy range. In comparison, the present un-
modified AR results show great discrepancies, espe-
cially at lower energies.

In the final remarks, we must stress that the accu-
racy of the present result depends on the experimen-
tal errors presenting in the starting data of measured
molecular cross section. As the experimental accuracy
improves, or as the result of electron scattering from
atom is accurately calculated, the present modified
AR model should give more reliable TCSs of electron
scattering from complex molecules.
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