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By employing a previously proposed model [A. Jain, Phys. Rev. A 34, 3703 (1986); J. Phys. B 22, 905
(1988)], we report calculations on the total (elastic plus inelastic) electron-scattering cross sections in a
wide energy range (10-5000 eV) from several diatomic and polyatomic molecular targets (H2 Li2, HF,
CH4, N2, CO, C2H2, HCN, 02, HC1, H,S, PH3, SiH4, and CO2). A model complex optical potential
(composed of static, exchange, polarization, and absorption terms) is calculated for each collision system
from the corresponding molecular wave function at the Hartree-Fock level. The resulting complex opti-
cal potential, free from any adjustable parameter, is treated exactly in a variable-phase approach to yield

scattering complex phase shifts and the total cross sections. In the intermediate- and high-energy region,
the small contribution due to the nonspherical nature of the target is treated perturbatively in the Arst-

order Born approximation. The present method is quite simple in nature and is able to reproduce fairly
well the experimental total cross sections in the present energy region. Results are also given for indivi-

dual elastic and absorption (accounting for all energetically possible inelastic processes in an approxi-
mate way) cross sections. In addition, we provide Born-Bethe parameters for all the above molecules in-

cluding those of H20 and NH3. We have also examined the correlation between molecular properties
and the total-cross-section parameter. For molecules possessing a permanent dipole or quadrupole mo-

ment, the present results are only roughly reliable above 100 eV.

PACS number(s): 34.80.—i, 34.90.+q, 52.20.Fs, 61.80.Fe

I. INTRODUCTION

The total cross sections (0, ) (including elastic plus all
energetically possible inelastic channels) for electron-
molecule systems are important in many applied sciences
[1—5]. Here we are interested in the intermediate- and
high-energy region (roughly from ionization threshold up
to several keV), where almost all inelastic channels (rota-
tional, vibrational, and electronic excitation, ionization,
dissociative processes, etc.) are open. In this energy re-
gime, a conventional close-coupling theory [6—9] of the
electron-molecule complex is an arduous task and almost
impossible to carry out with present-day fast supercom-
puters. It is, therefore, not surprising that almost all pre-
vious calculations on the o., for electron-molecule sys-
tems have been restricted to a low-energy region (typical-
ly below or around the first ionization threshold) only.
Several review articles, both experimental and theoreti-
cal, have recently described the progress made in the area
of electron-molecule collisions in general (see Ref. [8]).
Although it is in the low-energy electron-molecule
scattering where the cross sections exhibit a rich struc-
ture and several complex phenomena [6—9], a knowledge
of high-energy 0., values for several molecular gases is re-
quired [1—5]. The importance of o, in radiation physics
and chemistry has been discussed in the literature [10].
Such cross sections are available mostly through experi-
mental studies, and theoretical o, values in the literature
are scarce (see Table I), even for the simplest H2 mole-
cule.

The intermediate- and high-energy electron-impact cal-
culations on the total cross sections for several molecular
targets (CH~, SiH4, H20, and NH3) are available to date
due to one of the present authors [11,12], who employed
a simple approach based on the spherical-complex-optical
potential (SCOP) of the given electron-target system.
Some semiempirical calculations were carried out on the
o, e-H2 scattering by van Wingerden, Wagenaar, and de
Heer [13] at 20—2000 eV. Staszewska, Schwenka, and
Truhlar [14] have employed a close-coupling complex-
optical-potential approach to study e-H2 elastic, absorp-
tion, and total cross sections at 10, 40, and 100 eV only.
Recently, Itikawa et al. [15] have compiled e-N2 total
cross sections in the range of 0-200 eV. The other
theoretical results on the e-H2, N2, and 02 intermediate-
and high-energy ~, cross sections were published by Liu
[16], who used a Born-Bethe-type theory [17-24], which
gives good results on the total cross sections at very high
energies, particularly in the keV region. However, the
availability of Born-Bethe parameters in the literature for
molecules studied in this paper is not satisfactory. In ad-
dition, the energy range of a few hundred eV to a few
keV, where most of the experimental o., values are ob-
tained, may not be suitable for such Born-type calcula-
tions [16].

In the SCOP method, the spherical part of the complex
optical potential is treated exactly in a partial-wave
analysis to yield cross-section parameters. The neglect of
nonspherical terms in the full expansion of the optical po-
tential is based on the fact that such an anisotropic con-
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TABLE I. Summary of total cross sections (o., ) available in the literature for electron scattering with various rnolecules studied in

this work. Note that the low-energy (below 10 eV) references are excluded from the table.

Molecule

H2

Li2
HF
CH4

NH3
H20

N2
CO

C2H2
HCN
Op

Hcl
SiH4
PH3
HqS

CO2

Expt. (energy range in eV) reference

(25 —750) [13]; (0.02—100) [38]; (2 —500) [41]
(8—400) [42]; (20-2000) [13]
(0.5-10) [44)
None
(1 500) [57]; (1.3 50) [63]; (5—400) [64]
(1-400) [66]; (0. 1 -20) [67]; (1-500) [68]; (75-4000) [69]
(1-400) [25]; (1-80) [26]
(81-3000) [29]; (0.5 —80) [30]
(1-400) [31]; (7-500) [32]; (25-300} [33]
(7-500) [32]; (2.2-700) [41]; (1.2-403) [48]
(1-500) [47]; (1.2-403) [48]; (380-5200) [49]
(600-5000) [53]; (100-1600) [52]; (15-750) [51]
(1—400) [61]
None
(100—1600) [52]; (0.5-25) [54]; (0.8-50) [55]; (0.2-100) [56]
(1—500) [57]
(1—400) [59]
(1—400) [71)
None
(75-4000) [69]; (1.3-70) [70]
(2—50) [41]; (1-500) [47]; (1.2-403) [48]; (0.5-3000) [60]

Previous calculations

(100—2000) [16]; (20—2000) [13]
(10—100) [14]
(0-10) [95]
(0-20) [96]
(0. 1—500) [11]

(10—3000) [12]
(10—3000) [12]

(100-2000) [16]

None
(0-20) [96]
(100-2000) [16]

None
(10-500) [11]
None
None
None

tribution is very small in the intermediate- and high-
energy regions. Consequently, the SCOP approach
[11,12] is particularly suitable for those collision systems
where the molecule possesses no dipole or quadrupole
moment (for example, the CH~ and SiH4 molecules). The
extension of the SCOP model to polar molecules [12] was
also successful when anisotropic effects were included
perturbatively in the first-order-Born approximation
(FBA) in an incoherent manner. Thus, the results on the
NH3 and H20 targets [12] were in very good agreement
with available experimental data [25-33] at these inter-
mediate and high energies. Note that the SCOP potential
as such does not require any fitting procedure; however,
it was possible to vary one parameter (b, the mean excita-
tion energy of the target in the evaluation of absorption
potential) in the calculation to bring theory and experi-
ment even closer to each other. Nevertheless, the
method [11,12] is capable of predicting quite reliable total
cross sections without adjusting the 6 parameter, and
thus produces theoretical results where no experimental
data are available.

Trajmar, Register, and Chutjian [34] have summarized
the experimental data on the electron-molecule systems
through 1982. Recently, Stein and Kauppila [35], Szmyt-
kowski [36], and Sueoka [37] have given a comprehensive
list of references on the electron-molecule experimental
o, data. In the following, we will exclude references per-
tinent to low-energy (E ~ 20 eV) collisions. A number of
experiments have been performed to measure the o, at
intermediate and high energies on several diatomic (H2
[38—43], Li [44], CO [45—49], N [32,41,48,50—53], 0
[52,54—58], and HCl [59]) and polyatomic (CO2
[41,47,48,60], NH3 [25—27], H20 [27—33], C2H2 [61],

CH4 [43,57,62 —69], H2S [69,70], SiH4 [71],CFz [69], and
SF6 [69], etc. ) targets; however, no theoretical results are
available to compare with these observed values except
our own previous calculations on the CH4, SiH4, H20,
and NH3 molecules (see Refs. [11,12]). For some mole-
cules (Liz, HF, HCN, and PH3) studied in this work, no
experimental data in the present energy region could be
found in the literature. In Table I, we have summarized
the experimental and theoretical investigations made so
far on the present list of molecules in the present energy
range. It is clear from Table I that there is a paucity of
theoretical work, even for the Hz case.

The goal of this article is the following. First, we sug-
gest a general and quite simple theoretical method that
can predict 0., values in a wide energy range for any
molecular system for which Hartree-Fock-level wave
functions are available. The other molecular quantities
needed for the calculation are the polarizability, ioniza-
tion potential, and various permanent multipole moments
(dipole, quadrupole, etc.) of the isolated molecule.
Second, we provide a simple fitted formula [see Eq. (16)]
from our calculated data for the total cross section.
Third, we provide Born-Bethe parameters [17—23] for all
the molecules listed above. Fourth, we emphasize the
fact that individual elastic (o,&) and inelastic (o,b, ) (or
absorption} cross sections (giving rise to the final o,
quantity) should compare reasonably well with the corre-
sponding experimental or more accurate theoretical re-
sults. For example, in the present case, our inelastic (or
absorption) cross sections should be an upper bound to
the experimental total ionization, electronic excitation,
and dissociation channels together. There is evidence in
the literature [16] that the final total cross section is in
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good accord with the experiment, whereas the individual
elastic and inelastic terms are not in good accord with the
corresponding measured or calculated values.

Finally, we also examine the correlation between
molecular and scattering parameters. A quantitative as
well as qualitative correlation picture is presented that
depicts several interesting aspects of electron-molecule
scattering at high energies. In particular, the nuclear
charge Z or the occupation number of the target play an

important role in the values of o., for all the targets.
Such correlations would allow us to better understand the
scattering mechanism and to estimate cross sections for
those molecules where experimental or theoretical studies
are diScult to perform.

The basic philosophy of the present method is based on
the assumption that the nonspherical nature (providing
torque to the molecule for rotational excitation) of the
molecular system does not play a significant role in shap-
ing up the total cross section of the high-energy electron-
molecule collisions. The collision time is too short and
rotational excitation cross sections are insignificant rela-
tive to elastic, ionization, etc. , processes. In addition, the
contribution from the vibrational excitation process is as-
sumed to be negligible. We, however, include these small
anisotropic contributions (from dipole, quadrupole, etc. ,
moments} to the total cross section in the FBA theory in
an incoherent manner. It is to be noted here that the
well-known independent-atom model (IAM) [72] for
intermediate- and high-energy electron-molecule scatter-
ing is suitable for elastic scattering only. In the IAM
procedure, the molecular behavior is included only via
the internuclear geometry and the true nature of the
molecular charge distribution is missing. At this time, a
complex-optical-potential method appears to be a reliable
and practical technique of predicting 0, values for a large
variety of molecules.

In the following two sections, we provide theoretical
details and numerical procedures. The results are dis-
cussed in Sec. IV. The Born-Bethe parameters and corre-
lations are examined in Sec. V, while concluding remarks
are made in Sec. VI. We use atomic units in this paper
unless otherwise specified.

II. THEORY

We first assume that the fixed-nuclei approximation is
valid in this energy region and the interaction of the
electron-molecule system can be represented by a local
complex optical potential, namely,

V, , (r) = V„(r)+i V,b, (r),

where the real part is a sum of three terms

V~(r) = V„(r)+V,„(r)+V „(r) .

The static potential, V„(r), is calculated from the unper-
turbed target wave function %'0 at the Hartree-Fock level.
The V „(r) represents approximately the short-range
correlation and long-range polarization effects, while the
V,„(r) term accounts for electron exchange interaction.
In this energy region, a local and real potential model f'or

exchange and polarization effects is adequate. The V,b,
in Eq. (1) is the absorption potential. Due to the non-
spherical nature of a molecule, the optical potential [Eq.
(1)] is not isotropic. A general expression for V, ,(r} for
any target can be written in terms of the following mul-
tipole expansion around the center of mass (COM) of the
molecule [73],

(3)

where (pp) denotes the ground-state symmetry of the
molecule and the symmetry-adapted X functions are
defined in terms of real spherical harmonics SI—(r) as
[73,74]

(4)

For closed-shell systems, the (pp) is the totally sym-
metric [1] ' A

&
(nonlinear molecules) or 'X+ (linear mole-

cules} irreducible representation. The values of allowed I,
h, m, etc., depend on a particular point-group symmetry
of the molecule. The anisotropic terms, I =1,2, . . . , in
expansion (3), provide torque to excite rotational levels in
the molecule. As mentioned earlier, our main assump-
tion in this work is that such higher-order terms are weak
and can be treated separately in the first-order Born
theory and added incoherently to the elastic part.

First we determine the target charge density p(r) of a
given molecule,

p(r)= f ~+o~ dr&dr~. . .drz=2+ ~P (r)~, (5)

where Z is the number of electrons in the target, P, is the
ith molecular orbital, and a factor of 2 appears due to
spin integration and an a sum being over each doubly oc-
cupied orbital. It can be shown that for closed-shell mol-
ecules, p(r) belongs to a totally symmetric one-
dimensional irreducible representation (

' A &, 'Xg+, or
'X+) of the molecular point group [75]. All four poten-
tial terms ( V„, V,„, V~, , and V,b, } are functions of p(r}.
For example,

V„(r)=fp(r, )~r —r&~ 'dr, —g Z, ~r
—R, ~

' . (6)

The V,„ is taken in the Hara free-electron gas-exchange
(HFEGE) model [76] and V~,~

is calculated in the
correlation-polarization (COP) approximation [77—79].
Thus the accurate evaluation of p(r) is important in our
SCOP model. We employed various single-center expan-
sion programs to determine the charge density and vari-
ous potentials for linear [80] and nonlinear [81] mole-
cules. The ALAM code of Morrison [80] was modified to
include more than three nuclei; thus for the present C2H2
molecule, the modified version of ALAM (to be denoted
here as MALAM [82]) generates single-center quantities of
any planar molecule. For linear targets in this study, we
obtained molecular wave functions from published tables
[83], while for nonlinear cases we employed the MoLMoN
computer code [84]. In the present high-energy region,
an exact representation of exchange-polarization correla-
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tion is not important; thus the FEGE model for exchange
and the COP approximation for polarization effects are
accurate enough in these calculations.

The imaginary part of the optical potential V,„,(r) is
the absorption potential, which represents approximately
the combined effect of all the inelastic channels. An ab
initio calculation of absorption potential is still an open
problem. Here we employ a semiempirical absorption
potential as discussed by Truhlar and co-workers [8S].
The V,b, is a function of molecular charge density, in-
cident electron energy, and the mean excitation energy b
of the target. It is written as [8S]

V,b, (r) = —p(r)(u~, /2)'~ (8m /Sk kf )

XH(k —kf —2b, )(Ai+A~+Aq), (7)

where
gI(kr) = ——[2V&(r)( A —B )+2V b, (r) AB],

2
(9)

other investigators. In most of the targets (except H2),
the use of I as 5 is good enough. This has reduced the
uncertainty in the predicted cross sections, and more-
over, the results do not change appreciably above a few
hundred eV of energy. Full details of the V,b, potential
in the present context of molecules are discussed else-
where [11]. Here we consider only the spherical term in
the single-center expansion of the absorption potential.

After generating the full optical potential [Eq. (1)] of a
given electron-molecule system, we treat it exactly in a
partial-wave analysis by solving the following set of first-
order coupled differential equations for the real (yl ) and
imaginary (gl ) parts of the complex phase-shift function
under the variable-phase approach (VPA) [86],

u) o(r) =k —V„(r)—V,„(r)—V,(,
A, =Skj/2b, ,

(8a)

(8b) where

f I(kr) = ——[2 V~ (r) AB —2V,b, (r)( A ~ —B~)], (10)

A2 = —kf(Sk —3kf )/(k2 —kf )

(2k 2+ 2g k 2)5/2

A3=20(2k +26, —k )
(k —k )f

(8c)

(8d)

A =cosh/, (kr)[costi(kr) ji(kr) —sinter(kr)rli(kr)],

(1 la)

B= —sinhg&(kr)[sinai(kr) ji(kr) —cosgI(kr)gi(kr)],

where —,'k is the energy of the incident electron in har-
trees. Here H(x) is a Heaviside function defined by
H(x)=1, for x ~0, and H(x)=0 for x (0. By varying
the value of 6 in V,b, one can improve the absorption
(u,„,) or o, cross sections relative to experimental or
more accurate ab initio calculations; however, we have
fixed b, to be the ionization potential (I ) of the molecule
since the calculated value of 6 is very close to the ioniza-
tion energy in most of the molecules (see Table II). In
the case where our calculated 6 is very different from I
(for example, the H2 molecule, see below), we have given
results with the same value of b„which has been used by

S&( k) =exp( —
2@1)exp(i 2y& ),

and the corresponding DCS's are defined as

l 2
mRX

g (2I +1)[Si(k)—1]Pi(cos8)d 4k2 t=o

(12)

(13)

(1 lb)

and j&(kr) and rI&(kr) are the usual Riccati-Bessel func-
tions [86]. Equations (9) and (10) are integrated up to a
suSciently large r different for different l and k values.
Thus the final S matrix is written as

TABLE II. Various molecular properties used in this work. D, dipole moment; Q, quadrupole moment; ao=polarizability; IP,
ionization potential; B, rotational constant. For asymmetric top molecules, three ( A, B, C), and for symmetric top molecules, two ( A

and B), values of rotational constants are given. All quantities are in atomic units unless the unit is specified.

Molecule

H2
Li2
HF
H20
NH3
CH4
N2
CO
C2H2
HCN
02
HC1
H2S
PH3
SiH4
CO2

Z

2
6

10
10
10
10
14
14
14
14
16
18
18
18
18
22

ao

5.417
204.74

16.62
11.0
15.0
17.50
11.80
13.16
22.5
17.0
10.70
17.80
25.55
32.67
30.50
17.90

0.0
0.0
0.768
0.780
0.580
0.0
0.0
0.099
0.0
1.266
0.0
0.471
0.431
0.523
0.0
0.0

0.494
10.317
1.783
2.580
1.550
0.0

—0.946
—1.542

5.365
1.774

—0.2547
2.829
0.710

—0.825
0.0

—3.925

a (ev)

15.43
5.145

16.04
12.0
13.0
12.98
15.58
14.01
11.41
13.85
12.07
12.75
10.47
10.10
11.40
13.80

6 (eV)

4.87
1.62

12.69
11.0
8.00

10.50
16.92
15.54
11.82
13.27
21.20
9.80
8.64
9.17
9.86

32.55

B (cm ')

60.85
0.6726

20.94
27.88, 14.51,9.28
9.94,6.23
5.242
1.998
1.931
1.174
1.478
1.446

10.593
10.36,9.02, 4.73
4.452,3.93
2.864
0.394
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where P&(cosa) is a Legendre polynomial of order I. The
integrated elastic (a„), absorption (o,b, ), and o, cross
sections are described in terms of the S matrix as follows:

I
277 max

oI= (2I +1)[1—Re$&(k)], cr, = g oI .
1=0

(16)

max

o',&= (2l+1)~1—$I(k)~, cr,&= g cr,
&k 1=0

max

o,'b, = (21 +1}[1—(SI(k))], O,b,
= g o,'b,

k 1=0

(14)

(15)

We note that o, =o.,&+0.,b, is the contribution from the
spherical term only. In the above analysis the inelasticity
or the absorption factor is defined by
i$i(k)i =exp( —2/i).

In order to include the contributions due to anisotropic
terms (dipole, quadrupole, etc.) in the multipole expan-
sion of the optical potential, we employ the FBA to
evaluate the integral cross sections,

2(2J'+ 1) k+k' a
oo z

= g (21+1) '
dq q f dr r v& (r)j&(qr)

k Ik —k'I 0
(17)

where dipole and quadrupole terms correspond, respec-
tively, to J'=1 and 2 and the k' is the wave vector of the
scattered electron [12]. For spherical top molecules (CH4
and SiH4), a spherical approximation is adequate to yield
a reliable cross section [11,12]. Thus we write
0., =cr, +co,+era 2. In addition, for all the molecules
considered here, the contributions from octupole and
higher-order moments can be neglected at such high en-

ergies without introducing any error at all. However, it
becomes essential to consider the long-range dipole and
quadrupole effects, in particular for polar molecules (HF,
CO, HCN, HCl, H20, NH3, PH3, and H2S). Such aniso-

tropic terms are important below 100 eV impact energy.
The CO molecule is very weakly polar whereas HCN is

highly polar. It is to be noted here that the use of Eq.
(17) in an incoherent manner may introduce some error
in the final 0., values, particularly below 100 eV. Conse-
quently, our calculated total cross sections below 100 eV
may be less accurate for those molecules possessing di-

pole and/or quadrupole moments. For this reason, we

have given our cross sections with and without contribu-
tions from dipole and quadrupole terms.

It is to be noted here that in Eq. (17), we have em-

ployed our numerical values of the vI (r) potential terms
rather than use the asymptotic form only. Thus the in-
tegrals in Eq. (17) are done numerically. We have found
[87] that there are significant differences in the FBA
quantities (differential, total, and momentum-transfer
cross sections) if calculated with or without the correct
short-range behavior of the dipole, quadrupole, etc. , po-
tential terms. In the low-energy region, the small r re-
gion is not important due to the fact that higher-order
partial waves are unable to penetrate the scattering re-
gion; however, in the present energy region, a large num-
ber of partial waves contribute to the scattering parame-
ters and a correct short-range behavior of the potential is
necessary in order to make appropriate use of the FBA
theory.

III. NUMERICAL DETAILS

In order to solve Eqs. (9) and (10), we need a large
number of partial waves [I,„ in Eqs. (13)—(16)] in the

present intermediate- and high-energy regions. We car-
ried out convergence tests with respect to radial distance
and the step size to preserve numerical accuracy. The
value of l,„varied from 20 to 400, depending upon the
impact energy. It was found that the higher-order VPA
phase shifts (I ~ 30) agree within 0.1% accuracy with the
polarized Born calculations [88], using only the asymp-
totic form of the polarization potential. At each energy
and for all the molecules considered here, the cross sec-
tions presented are fully converged with respect to in-
creasing l,„and, where required, we switched from
VPA phase shifts to polarized Born ones. In the special
case of the Li2 molecule with a very high value of polari-
zability (see Table II), we made sure that the integration
was done properly to account for the long-range part of
the interaction completely. We now discuss our results
on the cross sections.

IV. RESULTS AND DISCUSSION

Before we discuss our cross sections, we first display
the full optical potential [Eq. (1)] for a few selected mole-
cules (H2, Li2, HF, N2, H2S, and CO2) in Figs. 1 and 2.
Figures 1(a} and 1(b) show the real part ( V„) at 100 eV
(only the V,„ term is very weakly energy dependent),
while the V,b, data are plotted in Figs. 2(a) —2(f} for the
same set of molecules at a few selected energies. As ex-
pected, the V,b, is not a long-range effect and its penetra-
tion towards the origin increases with an increase in ener-

gy; this means that at high energies, the absorption po-
tential takes into account the inner-shell excitation or
ionization processes that may be closed at lower energies.

In the following, we have divided our discussion in
terms of the isoelectronic sequence of molecules, because
there are some similarities in the cross sections for
isoelectronic molecules. Thus we have two-electron (H2),
six-electron (Li~), ten-electron (HF, CH~), 14-electron
(CO, N2, CzH2, and HCN), 16-electron (02), 18-electron
(HC1, H2S, PH3, and SiH4), and 22-electron (CO2) systems
to be discussed in the Secs. IV A —IV G.
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A. The boo-electron system: H2

The H2 molecule is the simplest neutral molecular sys-
tem that has been studied extensively in the laboratory to
determine o, values (see Table I). It is surprising that
there exist very few calculations on this system for the o,
above the ionization threshold. Van Wingerden,
Wagenaar, and de Heer [13]performed semiempirical re-
sults at 20-2000 eV against their own experimental data,
while Staszewska, Schwenka, and Truhlar [14] employed
a laboratory-frame close-coupling scheme to determine
cr,i, cr,», and cr, values at 10, 40, and 100 eV. Their [14]
results included the effects of nonspherical terms in a
proper manner. The only other calculation on the e-H2

o, cross-sections is by Liu [16],who employed the Born-
Bethe-type theory in the energy range of 100-2000 eV.
His e, values at these energies compare very well with
the measurements; however, the individual terms (cr,

~
and

o,b,) differ significantly with other theoretical and experi-
mental data.

As mentioned earlier, we use I instead of 6 in the
evaluation of V,b, for all the molecules considered here.
This assumption is based on the fact that the difference
between the calculated value of 5 (b, =2(%'O~z ~'Po) /ao)
and the I is not significant for most of the molecules dis-
cussed in this work (see Table II). However, for the e-H2

1OO

case, our values of 5 and I are, respectively, 4.86 and
15.43 eV. We therefore present our o, results by calcu-
lating V,b, with an intermediate value b, = 10.6 eV (solid
curve in Fig. 3). and 15.43 eV (dashed curve in Fig. 3).
The value of 6=10.6 eV, also used by Staszewska,
Schwenka, and Truhlar [14], is the difference between the
ground state of H2 and its first excited state. Note that
both the theoretical curves in Fig. 3 include quadrupole
contributions [Eq. (17)] in the FBA. As expected, the
present SCOP model is reliable roughly above 100 eV;
however, we see its fortuitous success up to 30 eV (Fig.
3). At 100 (40) eV, our o, value is 2.86 (4.65), which can
be compared with the value of 2.73 (3.98), as calculated
by Staszewski, Schwenka, and Truhlar [14].

The individual components cr,
&

and o,b, are given in
Tables III(a) and IV(a), respectively. There are a large
number of experimental and theoretical data (see Refs.
[1] and [34]) on the o,&

parameter. Our cr,
~

(see Table
III(a)) values are in reasonable agreement with available
experimental results [89—92] (not shown). For example,
at 100 eV our 0.95 value is very close to the experimental
values of 0.89 (Ref. [91]) and 0.77 (Ref. [92]). Our O,b,
curve for Hi (Table IV(a)) exhibits a peaking behavior
around 45 eV, which is in agreement with the behavior of
of the total ionization cross section for the e-H2 system
[93]. In addition, there is good agreement between our
o'», values and the calculation of Ref. [14]. In addition,
our 0-0 2 value in the FBA approximation is in reason-
able agreement with the calculations of Staczewska,
Schwenka, and Truhlar [14].

B. The six-electron system: Li2

o 10-1

~O:
I

10

10 ~ ~ ~ ~ I ~ I I ~ ~ 4 I k L ~ ~ I

1 2 3 4

Radial Distance (a.u. )

103

102

ci

1OO

l

1O-'

10
1 2 a

Radial Distance (a.u. )

FIG. 1. (a) Real part of the complex-spherical-optical poten-
tial for electron scattering with H2, Li&, and N2 systems. (b)

Same legend as in (a) but for the HF, H2S, and CO2 cases.

We have considered the 'X~+ ground-state wave func-
tion of the Liz molecule from the published tables [83].
The values of polarizabilities (ao =204. 74a 0,
a2=45. 41ao) are taken from Ref. [94). The contribu-
tions from the anisotropic polarizability and quadrupole
terms [(Q/r +a2/r")P2(cos8)] is added incoherently in

the FBA theory. In Fig. 4, we have shown o., values with
and without nonspherical contributions. Above 100 eV,
the contribution from anisotropic terms is small. There
are no experimental data on this system in the present en-

ergy region. At 10 eV only, we can compare our cr, value
of 316.8a 0 with the experimental [44] value of
350.0+105.00ao. The close-coupling calculations of Pa-
dial [95] for the e-Li2 elastic scattering gives a value of
172.0ao, as compared to our value of 280.5ao. This indi-
cates that at such low energy, the present prescription of
adding an anisotropic contribution incoherently overesti-
mates the elastic cross section. The results on the o,] and

o», are given in Tables III(a) and IV(a), respectively.
These cross sections decrease smoothly with energy ex-
cept the absorption cross section, which has a peak
around 30 eV.

C. The ten-electron systems: HF, H2O, NH3, and CH4

For this isoelectronic sequence of closed-shell mole-
cules, we have already reported SCOP calculations on the



208

1.0

0.8

60 (a)
lp1

1pp

ASHOK JAIN AND K. L. BALUJA

(c)

45

0.6

10—1

0.4

1Q 2
p.2

0.0
1 2
Radial Distance (0 u )

10
0

1p1

~ ~I

21

Dlstanc .u. )

,pp
3Q

1pp
10—1

10
—1

10 2

10

Q 3

1 4 I~ ~

4 6
Radial Distance (&.u. )

~, ~

10

10

4
0

I ~ ~

1 2
Radial Distance (~ ")

(e)

O

0
I

1PO

1p-1

1p 2

10
0

s~ ~

] 2
Radial Distance (o.u. )

~ ~

1p1

1PP

CO
CO
CD

e —C02

O
10-1

1P

10

1 4 aI

2
Radial Distance (o.u. )

H, molecule. The en g~lectron collisions w

d) Same as
al-o tical potential for e o

a) but for the N2 targets.
art of the complex-sp

the Li target. (c) Same
FIG. 2. (a) Imaginarp pa o

'
(b) Same as (a) but for t e

fo the CQ molecule targets.
the ~ ure 1n e~ units.

le. (f) Same as(a) but or(a) but for t eh HF targets. (e) Same as (a u o



TOTAL (ELASTIC PLUS INELASTIC) CROSS SECTIONS FOR. . .

HzO, NH3 (100—3000 eV) [12], and CH4 (0. 1 —500 eV)

[11] molecules. Here we supplement our earlier e-CH4
results up to 5000 eV and compare them with very recent
unpublished measurements of Nishimura and Sakae [68],

and Karwasz and Zecca [69] in Fig. 5(a). Also shown in
Fig. 5(a) are the experimental points of Dababneh et al.
[57] and Floeder et al. [65]. Within the experimental er-
ror bars (not shown), our calculated values agree very

TABLE III. Elastic (u,&) cross sections (in units of 10 ' cm ) for various molecules at 10—5000 eV.

E (eV)

10
20
30
40
50
60
70
80
90

100
125
150
175
200
300
400
500
600
700
800

1000
2000
3000
4000
5000

H2

8.551
5.334
3.000
2.179
1.705
1.397
1.194
1.060
0.958
0.874
0.713
0.599
0.514
0.450
0.296
0.220
0.174
0.144
0.123
0.107
0.086
0.042
0.028
0.021
0.017

Li2

78.522
36.532
23.261
18.339
15.526
13.506
11.939
10.676
9.635
8.768
7.115
5.950
5.089
4.432
2.870
2.085
1.619
1.310
1.092
0.931
0.710
0.409
0.257
0.195
0.146

HF

22.692
14.014
10.467
8.436
7.107
6, 166
5.465
4.923
4.491
4.138
3.483
3.025
2.680
2.398
1.705
1.377
1.172
1.028
0.916
0.830
0.699
0.396
0.280
0.222
0.184

CH4

20.717
16.312
11.881
8.864
6.919
5.691
4.834
4.226
3.817
3.520
3.011
2.665
2.402
2.194
1.650
1.334
1.124
0.975
0.861
0.773
0.641
0.352
0.246
0.191
0.154

N2

27.059
22.Q36
20.685
19.241
17.461
15.573
13.780
12.219
11.074
10.109
7.978
6.521
5.412
4.862
3.598
2.914
2.453
2.118
1.863
1.662
1.368
0.723
0.491
0.371
0.298

CO

34.236
23.761
21.789
19.842
17.720
15.691
13.938
12.488
11.283
10.292
7.872
6.312
5.397
4.839
3.614
2.922
2.455
2.117
1.860
1.658
1.362
0.718
0.487
0.368
0.295

C2H2

41.736
32.660
26.900
22.321
18.692
16.024
14.059
12.490
11.550
9.762
7.764
6.481
5.730
5.184
3.822
3.040
2.522
2.155
1.880
1.667
1.359
0.703
Q.472
0.355
0.279

E (eV)

10
20
30
40
SQ

60
70
80
90

10Q

125
150
175
200
300
400
500
600
700
800

1000
2000
3000
4000
5000

HCN

79.088
54.384
41.865
34.192
28.742
24.560
21.333
18.860
16.923
15.287
12.026
9.974
8.538
7.594
5.4Q8

4.236
3.485
2.962
2.576
2.279
1.853
0.958
0.646
0.487
0.391

Oq

32.100
25.656
24.361
22.135
19.561
17.070
14.861
13.044
11.640
10.260
7.915
6.628
5.727
5.126
3.810
3.060
2.556
2.193
1.919
1.706
1.394
0.725
0.489
0.368
0.296

HCl

32.956
25.124
18.986
15.878
14.000
12.675
11.601
10.630
9.854
9.249
8.150
7.365
6.752
6.253
4.900
4.086
3.525
3.120
2.810
2.566
2.205
1.375
1.030
0.834
0.699

H2S

48.512
32.200
20.485
15.036
11.532
8.738
7.473
6.696
6.102
5.645
4.821
4.246
3.870
3.439
2.625
2.172
1.866
1.645
1.473
1.339
1.150
0.742
0.568
0.471
0.396

PH3

51.876
30.589
20.403
14.712
10.479
8.739
7.766
7.088
6.564
6.135
5.328
4.746
4.299
3.939
2.993
2.440
2.070
1.807
1.612
1.462
1.253
0.790
0.594
0.481
0.400

SiHq

48.849
30.920
20.590
13.720
10.452
8.978
8.070
7.408
6.884
6.4S1
5.621
5.014
4.543
4.160
3.150
2.558
2.168
1.894
1.693
1.539
1.318
0.817
0.603
0.481
0.402

55.780
47.558
37.811
31.908
26.804
21.770
17.478
14.932
13.263
12.166
10.512
9.454
8.645
7.983
6.152
5.032
4.265
3.706
3.280
2.944
2.446
1.337
0.923
0.706
0.588
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we11 with the observed data. In particular, in the keV en-

ergy region, our values are in excellement agreement with
the recent unpublished data of Karwasz and Zecca [69].
The individual o,&

and o,b, cross sections are presented in

Tables III(a), and IV(a), and Table V(a).
Figure 5(b) present the e-HF cross sections with (solid

curve) and without (dashed curve) the contributions from
anisotropic (dipole and quadrupole) terms. No previous

TABLE IV. Absorption (O.,b, ) cross sections (in units cm ' cm') for various molecules at 10-5000 eV.

E (eV)

10
20
30
40
50
60
70
80
90

100
125
150
175
200
300
400
500
600
700
800

1000
2000
3000
4000
5000

H2

0.076
1.478
1.811
1.935
1.962
1.921
1.824
1.717
1.615
1.397
1.227
1.093
0.984
0.704
0.547
0.448
0.379
0.328
0.290
0.234
0.120
0.080
0.060
0.048

Li2

9.631
14.740
14.932
13.641
12.453
11.472
10.648
9.945
9.330
8.789
7.676
6.811
6.116
5.546
4.008
3.106
2.517
2.104
1.800
1.568
1.236
0.715
0.465
0.343
0.263

HF

0.068
0.566
1.022
1.344
1.555
1.685
1.762
1.802
1.818
1.802
1.751
1.690
1.628
1.361
1.146
0.990
0.872
0.781
0.708
0.597
0.341
0.241
0.186
0.152

CH4

0.573
2.132
3.465
4.271
4.614
4.704
4.637
4.481
4.230
3.860
3.485
3.173
2.912
2.196
1.769
1.484
1.280
1.127
1.008
0.834
0.451
0.308
0.233
0.176

N2

0.153
1.010
1.842
2.467
2.923
3.236
3.415
3.414
3.380
3.359
3.276
3.162
3.031
2.436
2.022
1.726
1.505
1.334
1.198
0.995
0.538
0.367
0.278
0.223

CO

0.384
1.579
2.536
3.160
3.513
3.667
3.701
3.680
3.622
3.694
3.622
3.449
3.250
2.604
2.170
1.860
1.628
1.447
1.303
1.086
0.592
0.405
0.306
0.246

C2H2

1.519
4.302
5.923
6.502
6.516
6.324
6.104
5.678
5.823
5.403
5.032
4.658
4.333
3.393
2.795
2.377
2.068
1.832
1.643
1.365
0.735
0.496
0.370
0.271

E (eV)

10
20
30
40
50
60
70
80
90

100
125
150
175
200
300
400
500
600

800
1000
2000
3000
4000
5000

HCN

0.317
1.601
2.765
3.513
3.963
4.158
4.178
4.116
4.052
3.960
3.788
3.621
3.406
2.715
2.253
1.925
1.680
1.490
1.339
1.114
0.603
0.412
0.311
0.249

Oq

0.652
1.941
2.880
3.469
3.851
4.110
4.242
4.259
4.325
4.278
4.086
3.905
3.712
3.061
2.606
2.268
2.007
1.800
1.631
1.374
0.766
0.529
0.404
0.325

Hcl

0.655
2.076
3.091
3.656
3.944
4.126
4.261
4.246
4.145
3.812
3.498
3.228
2.998
2.351
1.953
1.682
1.484
1.333
1.213
1.032
0.610
0.439
0.344
0.285

H2S

1.778
3.945
5.177
5.792
6.244
6.125
5.882
5.627
5.385
4.852
4.417
4.058
3.758
2.927
2.418
2.073
1.821
1.629
1.477
1.254
0.735
0.528
0.413
0.339

PH3

3.056
5.995
7.356
8.074
7.822
7.417
7.017
6.649
6.316
5.614
5.059
4.612
4.246
3.252
2.661
2.265
1.981
1.766
1.599
1.352
0.783
0.554
0.427
0.325

SiH4

2.179
5.672
7.946
8.306
7.965
7.523
7.094
6.701
6.346
5.600
5.018
4.555
4.178
3.169
2.580
2.189
1.911
1.703
1.540
1.296
0.741
0.515
0.391
0.313

CO2

0.500
2.185
3.735
5.001
6.332
7.331
7.632
7.690
7.578
7.070
6.545
6.070
5.654
4.426
3.631
3.078
2.673
2.363
2.118
1.756
0.951
0.645
0.483
0.363
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FIG. 3. Total (cr, ) cross sections for electron-H2 scattering at
10-5000 eV. Theory: present SCOP results including the quad-

rupole contribution with 6=10.6 eV ( ) and A=IP(15.46
eV) ( ———). The experimental points are taken from
Hoffman et al. [41] (X) and van Wingerden, Wagenaar, and de
Heer [13](Q }.

data, experimental or theoretical, are available for the
HF molecule in the present energy region except the
low-energy (0—15 eV) e-HF calculations that have been
performed by Jain and Norcross [96] in the exact-static-
exchange plus polarization model [we have not shown
these results in Fig. 5(b) for obvious reasons]. As expect-
ed, the anisotropic terms contribute appreciably up to
500 eV energy. In Tables III(a) and IV(a) we have pro-
vided the 0,&

and o,b, cross sections, respectively, in the
present energy range. The absorption cross sections are
characterized by a peak around 100 eV. It is interesting
to note that the inelastic cross section (o,») is quite weak
in this polar molecule as compared to the nonpolar CH4
case.

D. The 14-electron systems: N2, CO, C& H&, and HCN

At low energies, this isoelectronic sequence of mole-
cules is known to exhibit a shape-resonance phenomenon

FIG. 4. Total (0, ) cross section for electron-Li2 scattering
with ( ) and without ( ———) the nonspherical-term con-
tribution [Eq. (17}].

around 2 eV due to the II (or II ) symmetry of the
electron-molecule complex. At higher energies also, we
see a clear similarity in their 0, cross sections, plotted in

Figs. 6(a) —6(d). No previous data, experimental or
theoretical, could be found for the HCN molecule in the
present energy region. However, for the CO and N2
cases, there are several measurements (see Table I) in-
cluded in Figs. 6(a), (Nz); 6(b), (CzH2); and 6(c), (CO).
Above roughly 300 eV for the N2 and CO gases, our cal-
culations compare very well with all the experimental
points, whereas below 300 eV, this agreement is only sa-
tisfactory. It appears from Figs. 6(a), 6(b), and 6(c) that
the inclusion of an anisotropic contribution in the e, of
N2 and CO molecules has worsened the SCOP results.
We see a weak shape-resonance behavior around 40 eV in
both the N2 and CO curves, while for the polar HCN
molecule no such structure is observed. The CO mole-
cule is almost a homonuclear (due to very weak dipole
moment) and behaves similar to N2 and C2H2 molecules.
The experimental data of Kwan et al. [47] confirm this

TABLE V. Born-Bethe parameters [Eq. (18)]and the fitted parameters for o, [Eq. (19)]for various molecules.

Mol.

H2
Li2
HF
H20
NH3
CH4
N2
CO
C2H2
HCN
02
HCl
H2S
PH3
SiH4
CO2

A,)

6.988
66.052
80.127
77.078
69.689
67.071

127.142
125.671
118.705
165.057
124.959
316.545
181.278
183.115
182.389
251.089

8.287
—605.136

—2089.41
—1061.74
—769.396

—1258.73
—1026.77
—930.713
—292.386
—843.819
—629.306

—13150.0
—8630.43
—7879.91
—8630.43
—4296.19

46.873
24010.7
35368.9
12539.9
7657.0

19344.1
3901.234
2AAA 26

—8197.65
4078.26

—1981.92
2.69039+'
1.8224+'
1.6244+
1.8224

60080.0

0.1386
1.2335
2.405
2.8823
3.039
1.55
2.340
2.6813
2.0901
2.5477
4.4329
5.3459
6.1012
5.1835
4.4932
3.0775

ln( C„,)

29.151
16.087

—0.596
—1.9982
—0.999

5.299
3.334
2.5257
7.4713
3.1816
0.5782

—1.6863
—1.4263
—0.3260

0.2197
5.8837

a'

—0.0484
0.7509
4.1656
3.2344
3.4825
2.2206
0.4047
0.3592

—3.5937
0.3619
0.9867

23.033
18.239
17.907
14.793
2.2156

b'

—16.261
—36.319

—118.370
—121.895
—93.766

—155.207
—413.093
—446.945
—690.106
—401.121
—512.541

171.416
238.458
232.739
68.171

—768.418

7.088
40.266
10.675
14.595
15.702
23.302
53.137
55.607
82.064
65.757
60.423

—33.632
—31.286
—25.796
—9.989
88.814
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FIG. 5. Total cross sections for the isoelectronic CH4 and
HF molecules at 10—5000 eV. The solid curve is the present
SCOP calculations. (a) For the e-HF case, the solid and dashed
curves are, respectively, with and without anisotropic contribu-
tions [dipole and quadrupole contributions, Eq. {17)]. {b) For
CH~, the experimental points are taken from: X, Ref. [69]; O,
Ref. [57];0, Ref. [65]; +, Ref. [66].

weak feature around 30—40 eV for the N2 and CO mole-

cules. In fact, almost all measurements on the CO and
N2 systems exhibit this broad resonance effect above the
ionization threshold. It has been suggested that a broad
intermediate-energy shape resonance of o.„symmetry
occurs in the case of e-N2 scattering [97]. There is an in-
dication of this intermediate-energy broad feature in oth-
er nonpolar molecules also, such as the Oz and CO2 mole-
cules (see below). The HCN target is a strongly polar
molecule and therefore the low-energy cross sections
(E ~ 100 eV) are dominated by the dipole scattering.

Above 100 eV, we see excellent agreement between
theory and experiment for these isoelectronic molecules
(CO, N2, and C2Hz). The individual elastic and absorp-
tion cross sections for all four molecules are given in
Tables III and IV. The absorption cross-section peak in
the e-N2 case, around 90 eV, is in good agreement with
the measured total ionization cross-section behavior (see
Ref. [93]). In general, N2 and CO have similar o,i and

o,b, values. The C2H2 has the largest absorption cross
sections as compared to the HCN, CO, and N2 cases.
The HCN molecule has the largest 0.,&

values among the
four molecules.

E. The 16-electron system: O&

The 02 molecule is an open-shell molecule and its
ground-state ( X„) wave function is taken from the
tables of Cade and Wahl [98]. In this intermediate- and
high-energy region, the effects of singlet or triplet states
are not important. There are several experimental mea-
surements available for the e-Oz total cross sections (see
Table I), whereas there are no theoretical results except
the Born-Bethe calculation of Liu [16]. In Fig. 7, we
have plotted our o., values at 10-5000 eV along with the
measurements of Dalba et al. [52] and Dababneh et al.
[57]. We see a very good agreement between our values
and the observed ones. The Born-Bethe results of Liu
[16] are also shown for comparison. We immediately no-
tice that the present SCOP total cross sections are more
reliable even at those energies (E ~ 1600 eV) where no
other data, experimental or theoretical, could be found in
the literature. It is to be noted here that at the lower end
of the present energy region, the first-order Born theory
may not be valid, as is clear from a comparison of the
Born-Bethe results of Liu [16]. As noticed earlier, we
also see here that the pure spherical terms compare better
than the full (spherical plus nonspherical) results. This
may be partly due to the approximation treatment of
nonspherical terms as well as the accuracy of experimen-
tal data.

Our 0, results in Fig. 7 exhibit a broad structure
around 40 eV (dashed curve), while in the cJ, (solid line)
cross section this feature appears around 30 eV. The ex-
perimental points of Dababneh et al. [57] and Zecca
et al. [56] confirm this behavior. It may be a weak
shape-resonance effect or it may arise mainly from inelas-
tic channels. Below 100 eV, various experimental 0.,
agree with each other within roughly 20%.

In Tables III(b) and IV(b), the cr„and o,b, values are
given. The peaking behavior in the o,b, parameter
around 100 eV is in agreement with the experimental to-
tal ionization cross section [93]. The elastic cross sec-
tions [Table III(b)] compare very well with other theoreti-
cal results [99] (not shown).

F. The 18-electron systems: SiH4, HCl, PH3, and H2S

Here the experimental data are available for HC1 [59],
SiH4 [71], and H2S [69,70] molecules (see Table I for en-

ergy range). The present SiH4 results are supplementary
to our previous results [11],reported only up to 500 eV.
In Figs. 8(a) —18(d), we have plotted the o, for all the four
gases along with the available experimental data. It is
clear from these figures that the present results above 100
eV are in very good agreement with observed data. In
particular, our calculations compare well with very re-
cent unpublished measurements Karwasz and Zecca [69]
for the e-HzS case from 75 to 4000 eV. The agreement
for HC1 and SiH4 cases with the experiments of Sueoka
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and co-workers is also very good, particularly above
50 eV. No intermediate-energy shape-resonance
phenomenon is observed in any of the 18-electron sys-
tems as seen earlier for the 14-electron nonpolar gases.
For the H2S, HCl, and PH3 cases, we have shown our cal-
culations with and without anisotropic contributions [Eq.
(14)]. As also seen in the previous sections, the contribu-
tion from dipole and quadrupole terms is insignificant
above 100 eV. In the case of the H2S molecule, the in-
clusion of the contribution from multipole moments has
improved the SCOP results.

Finally, numerical values of the elastic and inelastic
cross sections are shown separately in Tables III(b) and
IV(b) for all the four molecules in the present energy re-
gime (10—5000 eV). No other experimental or theoretical
values could be found in the literature to compare to our
numbers in Tables III(b) and IV(b) for these molecules.
For the e-PH3 absorption cross sections [Table IV(b)], the
peaking behavior around 50 eV is in fair agreement with
experimental total ionization and dissociation cross sec-
tions [100].

G. The 22-electron system: CO2

The CO2 molecule is a big molecule from an ab initio
electron-molecule scattering point of view. The theoreti-

cal studies on the e-CO2 scattering are scarce. The exper-
imental o, are available up to 3000 eV (see Table I). In
Fig. 9, we have compared our SCOP 0., results with three
sets of experimental points [47,48,60). Both curves, i.e.,
with and without nonspherical-terms contributions, are
shown in Fig. 9. From Fig. 9, we see that below 100 eV,
the agreement with experimental data becomes poor
when the contribution from the anisotropic terms is add-
ed incoherently in the FBA. Even for this heavier sys-
tem, our calculations prove to be very successful particu-
larly above a few hundred eV. %e see a slight structure
around 30—40 eV similar to the Nz, CO, Oz, etc., mole-
cules, but it is quite weak. Below 100 eV, our values are
much higher than the measured ones; however, as expect-
ed, above 100 eV, we agree very well with the recent mea-
surements of Kwan et al. [47] and Szmytkowski et al.
[60]. The cr„and o,b, cross sections are provided in
Tables III(b) and IV(b). The peaking structure around
100 eV in the o,b, parameter is in agreement with experi-
mental total ionization cross-section behavior [93].

For such a heavy and anisotropic system, our results
are very encouraging and therefore we emphasize that at
high energies a spherical charge-density description of
the target accounts quite reliably for the total scattering
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FIG. 6. Total cross sections for electron scattering with isoelectronic N2, CO, C2H2 and HCN molecules in the range 10—5000 eV.

Present calculations are shown with ( ) and without ( ———
) anisotropic-term contributions. (a) For N2 the dotted curve is the

Born-Bethe results of Liu [16]. Experiment: Q, Ref. [S2];0, Ref. [S3];o, Ref. [41]; X, Ref. [48]. (b) For CO measurements are from

Refs. [49] ( X ) and [47] (o ). (c) For C2H2 measurements are taken from Ref. [61]. (d) is for HCN.
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102 ~ ~ ~ ~ ~ ~ I
j
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I
process. It may be interesting to test the SCOP model for
another 22-electron system N20 where experiments have
been performed on the o, parameter (see Ref. [26]}.

10' V. DISCUSSION ON THE CORRELATION

I

C)

100
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101

~ ~ ~ ~ ~ ~ I ~ ~ ~ ~ ~ a I

102 10

Energy ( eV )

FIG. 7. Total cross sections for electron-0& scattering at
10-5000 eV in the present SCOP model with ( ) and
without (

———) the contribution from the quadrupole term in
the FBA. The dotted curve is the Born-Bethe calculations of
Liu [16] starting at 100 eV. Experiment: X, Ref. [52]; o, Ref.
[57]

A. The Born-Bethe parameters

In the preceding section, we have seen that the SCOP
approximation is a reliable model above a few hundred
eV energy. It will therefore be interesting to employ our
high-energy cross sections (o „,o.,b„and o,} to determine
Born-Bethe parameters [17—24]. The Bethe theory
defines the total inelastic (o,b, ) cross section, while the
Born approximation gives the total elastic (o,&) cross sec-
tion. Thus a combined Born-Bethe theory expresses the
total cross section in terms of the following analytic for-
mula:
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FIG. 8. Total cross sections for electron scattering with SiH4, H&S, PH3, and HC1 molecules at 10-5000 eV. (a) e-SiH4 results in
the SCOP model ( ); X, the measurements of Sueoka and Mori [71]. (b) e-H2S results in the present SCOP model with ( )

and without ( ———) the contributions from nonspherical (dipole plus quadrupole) terms. The experimental points are from Refs.
[69] ( X ) and [70] ( o ). (c) For PH3, the same as in (b). (d) For HCI, the same as in (b) with the experimental points (+) taken from
Ref. [59].
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I M„, is related to the optical oscillator strength of the
molecule. Liu [16] has applied these atomic parameters
to yield total cross sections for homonuclear molecules.
However, these constants, available for some molecular
systems to determine o.„are not accurate enough to
agree with experimental data [53]. To our knowledge,
there are hardly any results in the literature on the Born-
Bethe parameters [Eq. (18)] for most of the molecules
studied here. In addition, we fit a general formula for the
o., from our calculated values in the following form:

&o-&
io'

~ ~ ~ I ~ ~ L I ~ a ~ a a a I

102
Energy ( eV )

103

FIG. 9. Total cross sections for electron CO2 scattering in
the SCOP model at 10-5000 eV with ( ) and without
( ———) the contribution from the quadrupole term. The ex-
perimental data are from Refs. [47] (0), Ref. [48] (o ), and Ref.
[60] (X).

where E is the incident energy in eV, R is the Rydberg
energy, and ao is the Bohr radius. The constants A,&,

8,&, C,&, M„„and C«, have a physical significance and
are given for several atomic systems in Ref. [21]. The

E of, E,R=a'ln —+b' —+c',
R 4~ao2 R E (19)

and provide the values of the constants a', b', and c' for
the present set of molecules.

The Born-Bethe parameters [Eq. (18)] were evaluated
from our o,&

and o.,b, results in the range of 500-5000 eV.
From Table II, we have summarized some properties of
the molecules used in the present calculation. In Table
V, we have provided Born-Bethe [Eq. (18)] and a', b', and
c' [Eq. (16)] parameters for all the molecules considered
here. In Table V, we have also included parameters for
the NH3 and H20 targets from the results of Ref. [12].
The c' and a' parameters in Eq. (19) determine the main
component of o, .
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B. Correlation of n, with molecular properties

We further put together the above description of high-

energy electron scattering with a variety of diatomic and
polyatomic molecules. It is always useful to know the
variation of cross sections in different targets. We have

5 I I I
I

I I I I

I

I I I I

I

I I I I
I

I I I I

(~)-

In order to further analyze our total-cross-section re-
sults, we have made Bethe plots [e,b,E/(4nR.ao) vs

ln(E/R)] for all the molecules in Figs. 10(a)—10(d). Ac-
cording to the Bethe theory, the Bethe plot should be a
straight line with a gradient of Mtpt We see from these
figures [10(a)—10(d)] that our Bethe plot for each molecule
is almost a straight line. The results inferred from the
Born theory generally overestimate the experimental data
[53]. For N2 and CO molecules Garcia and co-workers
(Refs. [49] and [53]) have determined Born-Bethe param-
eters. Our data given in Table V can be useful to com-
pare with further theoretical and experimental results
and also to extrapolate the total cross section at higher
energies.

already seen that isoelectronic collisional systems possess
similar cross sections both in quantity and quality. Ex-
cept for very highly polarizable Li2 or the simple H2 mol-

ecules, we might expect some kind of correlation between

o, and any molecular property (number of electrons Z,
polarizability, multipole moments, molecular size, etc.).
Very recently, Szmytkowski [36] has examined the trend
of total cross sections at 100 and 50 eV in a large variety
of atoms and molecules with respect to the target dipole
polarizability. He [36] has observed some correlation of
0, with the diamagnetic susceptibility and the number of
electrons in the target.

As we have seen so far, a general feature above 100 eV,
common for all the above targets, is the decrease of 0.,
with an increase in impact energy. Floeder et al. [65]
have also seen from their high-energy electron-scattering
data for several hydrocarbon molecules that the total
cross sections increase with the size of the molecule and,
between 100-400 eV, the 0, can be described as a linear
function of Z, the number of molecular electrons. In
Figs. 11(a) and 11(b), we have examined the value of o, as
a function of Z and ao, respectively. We have shown
these data only at 1000 and 5000 eV, where the present
model gives the best comparison with experiment. From
Fig. 11(a), we can clearly see that the o, values increase
with an increase in Z, i.e., there is a strong correlation be-
tween the total cross section and the size of the target.
On the other hand, we do not see such a correlation with
respect to target polarizability [Fig. 11(b)]. However, at
lower energies (around 100 eV), the o, seems to have a
strong dependence on ao (see Ref. [36]). From our cr, —Z
correlation diagram [Fig. 11(b)], a rough estimate of the
total cross section can be made for any molecular system
with Z smaller or even greater than 22.

0 I

0 10 15 20 25

VI. CONCLUSIONS

No. Of Target Electrons

5 I I I

I

I I I I

I

I I I I

I

I I I I

(b)-

0
0

oo

p I

0

0
0

+
++ ++ + + +

0 ++
I ws s I s s i I I s i a

10 80

Polarizability (a.u. )

I

30 40

FIG. 11. (a) Variation of total cross section with the number
of target electrons (Z). 0, at 1000 eV; +, at 5000 eV. (b) Vari-
ation of total cross sections with the target polarizability. o, at
1000 eV; +, at 5000 eV.

We have presented the total (elastic plus inelastic) cross
sections of the intermediate- and high-energy electron im-

pact with a large variety of molecules, where experimental
studies have been carried out recently. A complex opti-
cal potential is derived for each system from target wave
functions and its spherical part is employed to yield total
cross sections under the complex phase-shift analysis.
For the nonspherical part of the optical potential, we
used the erst-order Born approximation and added this
contribution incoherently to the spherical part. We have
avoided any kind of fitting procedure in the present cal-
culation. The present model mainly requires the target
charge density, polarizability, multipole moments, ioniza-
tion potential, etc. , of the molecule. At and above 100
eV, our results for all the molecules studied here are in
very good agreement with available measurements.
Below 100 eV, we have discussed the limitations of the
present theory. It is worthwhile to mention that these re-
sults will fill the gap between theory and experiment and
inspire some new experiments to be performed on certain
molecules (for example, Li2, HF, HCN, PH3, etc.). For
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C2Hz, HC1, and SiH4 molecules, only Sueoka, Mori, and
Katayama [31] have performed a, measurements below
500 eV. We need more experimental data for these sys-
tems particularly in the keV energy region. We plan to
investigate several other large molecules where experi-
mental data exist (for example, SF&, SO&, N20, OCS,
several hydrocarbons, NO, etc.). The method employed
here is easy and practical and requires no prior informa-
tion on the cross-section parameter. We [101] have ex-
tended this work for positron-molecule cr, cross sections
for several molecular gases where recent experimental
data are available at intermediate and high energies.
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