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We investigate the differential cross sections (DCS) of elastic electron scattering from CH4, CF4 and SF6 at

six impact energies in a range of 100–700 eV by employing the independent atom model (IAM) together with the

relativistic partial waves. The atom is present in an optical potential which is complex, spherically symmetric, and

energy dependent. The optical potential of the atom is the sum of the direct static, dynamic polarization, local

exchange and modified absorption potentials. The results obtained by using a modified absorption potential show

significant improvements on the unmodified absorption potential results. The present results are generally in good

agreement with experimental data available. In addition, the present results indicate that the structure of molecule

manifests the observable effects on electron–molecule scattering.
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1. Introduction

Data of accurate differential cross sections (DCSs)

for elastic electron scattering by molecules are re-

quired in a wide variety of research fields, such

as gas lasers,[1] Monte Carlo simulations of elec-

tron transport,[2] plasma depositions, etching of semi-

conductor materials, gaseous high-voltage switches,[3]

cell radiation damage[4] and interstellar/atmospheric

process.[5] Theoretically a number of methods are de-

veloped to predict DCSs for elastic electron–molecule

scattering. In the low-energy range there are R-matrix

method,[6] close-coupling method,[7] the momentum-

space-coupled channel optical method[8] and finite-

element R-matrix method[9,10] that are complex and

time consuming in computation. In the high-energy

range the Born approximation, the Glauber approx-

imation and the eikonal approximation[11] can give

results that are generally in agreement with exper-

imental data. However, almost all inelastic channels

(rotational, vibrational, and electronic excitation, ion-

ization processes, etc.) are open in the intermediate-

energy region. Consequently the methods applicable

for low-energy electron scattering from molecules are

difficult and almost impossible to be directly applied

in this energy region.

Some approximate methods have been developed

to obtain cross sections of electron-molecule scatter-

ing at intermediate energies. Iga et al [12] applied the

Schwinger variational iterative method combined with

the distorted-wave approximation to calculating the

scattering amplitudes. Jain and Baluja[13] proposed

the spherical complex optical potential approach to

the investigation of the total cross sections for elec-

tron scattering from a series of molecules. In addi-

tion, additivity rule (AR) model[14−20] and the inde-

pendent atom model (IAM)[21,22] have been widely

used to explore electron–molecule collisions. It is

well known that absorption effects should be taken

into account in the intermediate energy range. So all

these methods utilize the model absorption potential

for treating electron–molecule collisions in this energy

range. Indeed, several model absorption potentials

with both empirical[23−25] or nonempirical[26,27] na-

ture for electron–atom scattering have been proposed

for more than 20 years. Among these model poten-
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tials, the quasifree scattering model (QFSM) proposed

by Staszewska et al has been widely used. The QFSM

was derived non-empirically to reproduce the absorp-

tion probability per unit time for an electron pass-

ing through a free-electron gas, where the electron-

electron absorption cross sections are calculated us-

ing the Pauli-allowed binary-encounter approxima-

tion. Khare et al
[28] applied the IAM combined with

the absorption potential of Staszewska et al to investi-

gate the elastic electron scattering from CF4 (carbon

tetrafluoride) at energies ranging from 100 to 700 eV.

Their results have indicated that, at large scatter-

ing angles, at first the theoretical DCSs lie above the

measured data and then gradually appear under the

measured data with increasing incident energies. This

means that the absorption potential of Staszewska et

al [27] overestimated the flux loss to the electronic ex-

cited states for large scattering angles, particularly at

high incident energies. The same conclusion can be

deduced from a number of investigations.[22,27,29] In

view of analysis stated above, we empirically propose

an energy-dependent factor (Eq.(12)) that is multi-

plied by the absorption potential of Staszewska et al

to improve the degree of agreement between theory

and experiment.

To check the validity of the present modification

of the absorption potential of Staszewska et al, we

choose CH4 (methane), CF4 (carbon tetrafluoride)

and SF6 (sulfur hexafluoride) to calculate the DCSs

for electron scattering using the IAM because these

molecules are all highly symmetric and are favourable

for the use of the IAM. Although there has existed

some literature[28,30,31] that is devoted to elastic elec-

tron scattering from these molecules by virtue of the

IAM, to our knowledge there is no literature that in-

vestigates these molecules simultaneously. So we ex-

pect to expose the influence of the molecular structure

on the elastic electron scattering in the present inves-

tigation.

2. Theory and method

In the IAM, electron–molecule collisions are re-

duced to electron interactions with individual atoms

of the target molecule. This reduction is based on the

following assumptions: (i) each atom of the molecule

scatters independently; (ii) redistribution of atomic

electrons due to molecular binding is unimportant;

and (iii) multiple scatterings within the molecule are

negligible.[32] According to the IAM, the scattered

wave at large distances from the molecule is approxi-

mated as the coherent sum of the wave functions scat-

tered from all atoms in the molecule. The DCSs aver-

aged over all orientations of the molecular axis in the

IAM is given by

I(θ) =

N
∑

i,j=1

sin(q rij)

q rij
[fi(θ)f

∗

j (θ) + gi(θ)g
∗

j (θ)], (1)

where fi(θ) and gi(θ) are the direct and spin-flip scat-

tering amplitudes, respectively, for the ith atom in the

molecule. rij and N are, respectively, the separation

between the ith atom and the jth atom, and the to-

tal number of atoms present in the molecule. q is the

magnitude of the momentum transfer in the collisions.

The direct and spin-flip scattering amplitudes ad-

mit the following partial waves expansions:[33]

f(θ) =
1

2ik

∞
∑

ℓ=0

{(ℓ + 1)[exp(2iδκ=−ℓ−1) − 1]

+ℓ[exp(2iδκ=ℓ) − 1]}Pℓ(cos θ), (2)

and

g(θ) =
1

2ik

∞
∑

ℓ=0

[exp(2iδκ=ℓ)−exp(2iδκ=−ℓ−1)]P
1
ℓ (cos θ)

(3)

respectively, where k is the relativistic wavenumber

of the electron. Pℓ(cos θ) and P 1
ℓ (cos θ) are the Leg-

endre polynomials and associated Legendre functions,

respectively.

To obtain the values of phase shift δκ, the follow-

ing coupled differential equations are solved numeri-

cally under the appropriate boundary conditions,

dPEκ(r)

dr
= −κ

r
PEκ(r) +

E − Vopt + 2mec
2

c~
QEκ(r),

dQEκ(r)

dr
= −E − Vopt

c~
PEκ(r) +

κ

r
QEκ(r), (4)

where κ is the relativistic quantum number. PEκ(r)

and QEκ(r) are the radial functions of the Dirac spher-

ical waves. E is the kinetic energy of the incident

electron and Vopt is the appropriate complex optical

potential which incorporates all the important effects,

Vopt = Vs(r) + Vp(r) + Vex(r) − iV ′

a(r), (5)

where Vs(r), Vp(r), Vex(r), and V ′

a(r) are the static,

polarization, exchange, and absorption potentials, re-

spectively for electron–atom interactions. For the

electron density function ρ(r), we employ the an-

alytical expressions of Salvat,[34] obtained by a fit-
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ting procedure to the Dirac–Hartree–Fock–Slater self-

consistent data. It is given by

ρ(r) =
Z

4πr

3
∑

i=1

Aiα
2
i e

−αir, (6)

where Ai and αi are the parameters tabulated in

Ref.[34]. If we neglect the finite extent of the nu-

clear charge distribution, by virtue of ρ(r), the static

potential Vs(r) can be expressed as

Vs(r) = −Z

r
+

∫

ρ(r′)

r>
d3r′, (7)

where Z is the nuclear charge and r> is the greater

between r and r′. For Vex(r), we use the exchange

potential of Furness and McCarthy,[35] which is de-

rived directly from the formal expression of the non-

local exchange interaction by using the Wentzel–

Kramers–Brillouin (WKB)-like approximation for the

wave functions, and we obtain

Vex(r) =
1

2
[E − Vs(r)]

−1

2
{[E − Vs(r)]

2 + 4πa0ρ(r)}1/2, (8)

where a0 is the Bohr radius. As for Vp(r), it is ex-

pressed by the Buckingham polarization potential[36]

Vp(r) = −αp

2

1

(r2 + r2
c )

2
, (9)

where αp is the dipole polarizability of the target

atom and rc is the cut-off parameter[37] that serves

to prevent the polarization potential from diverging

at r = 0. For the absorption potential which models a

loss of flux from the elastic channels to inelastic chan-

nels when the incident energy of electrons is above the

first excitation threshold, it is given by

V ′

a(r) = mVa(r), (10)

where Va(r) is the absorption potential proposed by

Staszewska et al [27]

Va(r) =
8πρ(TL/2)1/2

5k2k3
f

H(x)(A + B), (11)

with

A = 5k3
f /(2∆) − k3

f (5k2 − 3k2
f )/(k2 − k2

f )
2,

B = 2H(y)y5/2/(k2 − k2
f )

2,

x = k2 − k2
f − 2∆,

y = 2k2
f + 2∆ − k2,

where kf(r) = [3π2ρ(r)]1/3 is the local Fermi

wavenumber of the atomic electron cloud; TL(r) =

E − Vs(r) − Vex(r) and k, respectively, are the local

kinetic energy and the relativistic wavenumber of the

incident electron; H(x) is Heaviside unit step func-

tion; ∆ is the first excitation energy of the target

atom; the m is the modification factor. It is well

known that the effect of absorption potential should

decrease with increasing energy. However, it is noted

from Fig.1 that the difference between theoretical and

experimental results increases with increasing energy

for the absorption potential of Staszewska et al (ex-

pression (11)). This indicates that the effect of the

absorption potential of Staszewska et al is increasing

instead of decreasing with increasing energy. In addi-

tion, Raj and Tomar[22] and Staszewska et al [27] have

observed that expression (11) overestimates the flux

loss to the electronic excited states. In accordance

with the above-stated analysis, the energy-dependent

modification factor is empirically expressed as

m =
1

k −
√

2∆
, (12)

where k and ∆, respectively, denote the relativistic

wave number of the incident electron and the first ex-

citation energy of the target atom. The value of mod-

ification factor m varies with different target atoms

and decreases monotonically with the increase of in-

cident energy of electrons. In numerical calculation,

k and ∆ are taken to be the values in atomic units.

For every target atom, there is a critical energy Ec

that corresponds to m = 1. Only if the incident en-

ergy of electron is greater than the critical energy of

target atom, will the value of modification factor m

be less than 1.0. The critical energy Ec is related to

the target atom and can be calculated by the formula

Ec = (1 +
√

2∆/H)2H/2(eV), where the Hartree en-

ergy H = 27.12 eV and ∆ is in units of eV. Appar-

ently the critical energy is an ascending function of

∆. When the incident energy of electron is less than

the critical energy Ec, the value of m should be set to

be 1.0 to assure the reasonable physical results. Table

1 shows the variations of the first excitation energy

∆, the critical energy Ec and the modification factor

m with different target atoms and incident energy E

of electrons. It is noted that the used value of the

modification factor m is less than 1.0 and the incident

energies of electrons are all greater than the critical

energy of target atoms.
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Table 1. The variations of the first excitation energy ∆, the critical energy Ec and the modification factor

m with different target atoms and incident energy E of electrons.

∆ Ec E/eV
atom

/eV 100 150 200 300 500 700

H 10.20 47.37 0.5843 0.4309 0.3528 0.2705 0.1975 0.1619

C 1.26 23.15 0.5551 0.4148 0.3419 0.2641 0.1940 0.1596

F 12.70 52.60 0.6331 0.4568 0.3700 0.2805 0.2028 0.1655

S 1.15 22.67 0.5439 0.4085 0.3376 0.2615 0.1926 0.1587

3. Results and discussion

To compare the effects of modification of the ab-

sorption potential, Fig.1 displays the elastic differen-

tial cross sections for electron-CF4 scattering at two

incident energies. The solid curve represents the re-

sults obtained with the modified absorption potential

(expression (10)), the short dash curve, with the un-

modified absorption potential (expression (11)). It is

evident from Fig.1 that, at the same incident energies,

the DCS results of the solid curve and the short dash

curve are almost the same for small scattering angles.

However, for the rest of the scattering angles the two

results differ from each other significantly. The results

of the short dash curve are much lower than those of

the solid curve. A comparison of our results with the

experimental results of Sakae et al [38] shows that the

results of the solid curve, obtained by using modified

absorption potential, are in good agreement with the

experimental data.

Figures 2 to 4 display the present results of the

DCSs of electron-CH4, electron-CF4, and electron-SF6

scatterings in the energy range of 100–700eV, respec-

tively. The solid curves represent the results obtained

with using the full optical potentials and the dashed

curves are for the results obtained without using the

absorption potential. It is evident from these fig-

ures that the present results of DCS are generally in

good agreement with the experimental data of Sakae

et al [38] and give the same positions and depths of

the DCSs dips as the experimental data. At higher

incident energies the agreement is further improved

and the present results turn closer to the experimen-

tal data. Although the qualitative natures of the solid

and dashed curves are almost the same there can be

a significant improvement on the value of DCS when

the absorption effect is taken into account particularly

in the middle and higher angular ranges of scattering

angle. Furthermore the two curves merge into one

another for low scattering angles (θ ≤ 20◦).

Fig.1. Elastic differential cross sections for electron-CF4

scattering versus scattering angle at two incident energies

separately by using the modified absorption potential (ex-

pression (10)) (solid curve); Staszewska et al ’s absorption

potential (expression (11)) (short dash curve); experimen-

tal data of Sakae et al [38] (full circle).

It is noted from Figs.2 to 4 that, at large incident

energies, the sin(qrij) terms oscillate rapidly, result-

ing in more structures in molecular DCS at larger an-

gles. As the number of atoms in the molecule increases

and the molecule turns heavier and its structure be-

comes more complex, the DCSs of electron–molecule

scattering show that there appear more structures at

the same incident energy. This indicates that the

structure of molecule manifests observable effects on

electron–molecule scattering. In addition, it is noted

that the DCSs of electron-CF4 scattering display more

complicated structures than those of electron-CH4

scattering despite the fact that the two molecules

are all composed of five atoms and belong to point

group Td. This means that the DCSs of electron–
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molecule scattering are also related to the constituent

of molecule.

Fig.2. Elastic differential cross sections for electron-

CH4 scattering versus scattering angle at 100–700 eV

obtained with using full potential (solid curve) and

without using the absorption potential (dashed curve),

and from experimental data of Iga et al [12] (open

square); and Sakae et al [38] (full circle).

Fig.3. The same caption as that of Fig.2 except for

electron-CF4 scattering.

Fig.4. The same caption as that of Fig.2 except for

electron-SF6 scattering.

As the three figures show, the effect of absorp-

tion potential can cause the cross section to decrease,

and it becomes small as the incident energy increases.

Even if absorption potential is included, the present

results overestimate DCSs as compared with the ex-

perimental data, especially at the low incident en-

ergies. This is because (i) the IAM neglects the

multiple scattering and the valence bond distortion

which are known to cause a reduction in the cross

section,[39,40] especially for small scatterings and low

incident energies; (ii) other structural effects (bonding

environment, geometric shielding, etc) should reduce

the atomic contributions compared with those in free

atomic states.

4. Summary

By employing IAM together with the relativistic

partial waves, we have calculated the DCSs for elec-

tron scattering from complex polyatomic molecules in

an intermediate energy range. The application of the

modified absorption potential in the present investi-

gation has given the results in good agreement with

the experimental data. This indicates that the present

modification of the absorption potential of Staszewska
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et al is successful and the IAM can provide reliable

DCSs for electron scattering by molecule in this en-

ergy range. The present calculation also shows that

the structure of the DCS of electron–molecule scatter-

ing is involved with the geometrical structure and con-

stituent of the molecule. We may consider the IAM as

a successful method to convert the molecular scatter-

ing problem into an atomic scattering problem which

is easier to handle, in particular at higher incident en-

ergies. However, we have neglected the multiple scat-

terings and the valence bond distortion effects. For

a complex polyatomic molecule the above effects may

have appreciable effects on the cross sections. Hence

further investigation including these effects should be

performed. The present research is carried out for the

highly symmetric molecules, so the application of the

present method to the asymmetric/polar molecule is

of interest.
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