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Polarization eff'ects in low-energy e-CH4 collisions
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We have used the Schwinger multichannel formulation [Takatsuka and McKoy, Phys. Rev. A

24, 2473 (1981)] to carry out ab initio studies of the elfects of polarization on the cross sections
for elastic scattering of electrons by the polyatomic molecule CH4 for collision energies from 7.5
down to 0.02 eV. Although the closed-channel expansion through which polarization effects are
included in this approach is not ful jy converged, the resulting cross sections do show a
Ramsauer-Townsend minimum between 0. 1 and 0.2 eV, about 0.3 eV below where it is seen ex-

perimentally. Our static-exchange cross sections show no Ramsauer-Townsend minimum. At the
higher energy of 7.5 eV, where polarization eAects are less significant, the calculated differential
cross sections are in excellent agreement with the measured values. DiAerential cross sections are
also shown at 3.0 eV.

Polarization efI'ects are known to exert significant
influence on the cross sections for elastic scattering of
low-energy electrons by molecules. ' In electron-methane
scattering, for example, they can be expected to play an
important role around the Ramsauer- Townsend minimum
in the cross sections, a feature that has been extensively
studied in both transmission and swarm-type ' experi-
ments. Differential cross sections for these collisions have
also been studied at low energies using crossed-beam tech-
niques. ' ' A comparison of these measured differential
cross sections and those calculated in the static-exchange
approximation, which neglects any eA'ects due to polariza-
tion, also clearly reveals the inAuence of polarization on
the scattering cross sections.

To date, most ab initio studies of the elastic cross sec-
tions for low-energy electron-polyatomic molecule col-
lisions have been limited to calculations which used ap-
proximations to the exchange and polarization terms of
the scattering potential. For example, elastic e-CH4
scattering has been studied by Gianturco and Thompson '"
using a parameter-dependent polarization potential and
orthogonalization to represent exchange and later by Jain
and Thompson ' with a Hara free-electron gas (plus
orthorgonalization) approximation to exchange and a
model parameter-free polarization potential. Jain ' has
also obtained e-CH4 elastic cross sections for collision en-
ergies from 0. 1 to 500 eV using a spherical model with lo-
cal exchange and model polarization potentials. More re-
cently, we have used the Schwinger multichannel method
(SMC) ' to determine the elastic-scattering cross sections
for e-CH4 at the static-exchange level for energies be-
tween 3 and 20 eV. ' In the SMC method exchange is
properly accounted for via antisymmetrization of the
(N+1)-electron target wave function. A significant use
of such static-exchange cross sections is that their com-
parison with the experimental data allows us to uniquely
identify those features which are due to polarization.

In this Rapid Communication we present the results of
calculations of the elastic e-CH4 cross sections for col-

lision energies from 7.5 to 0.02 eV in which polarization
eff'ects are included nonempirically. These studies, the
first of their kind for a polyatomic target, are carried out
in the fixed-nuclei approximation using the SMC method.
In this approach polarization effects are accounted for by
inclusion of energetically closed channels in a configur-
ation-interaction-like expansion of the total scattering
wave function in a basis of (N+ 1)-electron determinants.
Although the closed-channel expansion used in these cal-
culations is not fully converged, it is sufhcient to show a
Ramsauer-Townsend minimum, albeit at too low an ener-
gy, and to adequately represent the eff'ects of polarization
at higher energies where the magnitude of such eff'ects de-
creases.

In these calculations we used a (12s 8p 4d) and a (7s)
uncontracted Cartesian Gaussian basis centered on the
carbon and hydrogens, respectively. The exponents of
these basis functions, which were also used in earlier
static-exchange studies of e-CH4 collisions, are given in
Ref. 18. This basis was used for both the SCF wave func-
tion of CH4 and to obtain a set of natural orbitals for the
negative ion CH4 which are orthogonalized to the target
orbitals la~, 2a~, 3a~, Ib~, and lb2 (in C2, , symmetry)
and used to expand the scattering functions and to con-
struct the closed channel space. In the SMC method, ' as
in the original Schwinger variational principle, ' the
trial-scattering wave function need not satisfy any specific
boundary conditions and hence could be expanded in L
functions such as Cartsian Gaussians. For the negative-
ion natural orbitals we used a A ~ (Td) state which is the
symmetry in which the Ramsauer minimum occurs. The
eAectiveness of such negative ion natural orbitals to de-
scribe polarization eff'ects has been discussed previously.
Our calculation of the body-frame amplitudes includes
contributions in the Cq, , group from 350 configurations of

A ~ symmetry, 150 of A 2, 200 of 8 &, and 200 of 82 in
the expansion of the total-scattering wave function, i.e.,
@=g;a;g;, where g; is a (N+1)-electron Slater deter-
minant. In the static-exchange approximation, the elec-
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TABLE I. Configurations for closed-channel expansion of the scattering wave function for basis I,
in C2,. notation and relative to the static-exchange configurations la ~ 2a ~ 3a ~ 1 b ~ 1 bfka ~ ( 8 ~),
la(2a~" 3a~ 1b~ 1b)ka2 ( A~), la(2a(3a~ lb~ 1bjkb~ ( 8, ), and la)2af'3a~ lb~ Ib/kb2 ( B2).

[3a~ na~]ka~
[lb~ nb~]ka~
[1b2 nb2]ka~

[3a( nb)]kb2
[1b )

—nb 2] ka )

[lb2 nb~]kai

2g

[3a~ na~]kb~
[lb~ nb~]kb~
[lb2~ nb2]kb~

2g

[3a~ na~]kb2
[lb~ nb~]kb 2

[1b2 —nb~] kb2

tron configurations of these determinants are as follows in

C2,, symmetry:

[a22a(3a lb lb ka) ( Q(),

1 a ~22a (3a ~ 1 b ~ 1 bqka q ( 2 q),

la 2a 3a lb lb khan ( Bi),
and

la 2a 3a lb lb kb2 ( Bp) .

The configurations of the determinants used in the
closed-channel space are given in Table I in the notation

p~]p, where ps, p~, and p, represent a hole, parti-
cle, and scattering orbital, respectively.

Figure 1 shows our calculated elastic integral cross sec-
tions in the static-exchange (SE) and static-exchange-
plus-polarization (SEP) approximations for e-CH4 col-
lisions along with the experimental data of Refs. 4, 5, and
1 2 and the theoretical results of Jain obtained using a lo-
cal exchange and model polarization potential. ' The
significant feature of these results is that our cross sections
with target polarization do show a Ramsauer- Townsend
minimum in distinct contrast to the static-exchange re-
sults where no indication of such a minimum is seen.
Comparison with the experimental data shows that the
calculated minimum occurs at too low an energy and is
too deep and steep. These differences are due to the lack
of convergence of our closed-channel expansion through
which polarization effects are included. For example, the
position of the calculated minimum reflects this lack of
convergence in A ~ (Td ) symmetry. As the minimum
moves to higher energy the contributions to the cross sec-
tions from other symmetries will increase and hence
should change the shape around the minimum We also
include in Fig. 1 static-"exchange' cross sections obtained
by Gianturco, Jain, and Pantano ' using two different ap-
proximations to exchange based on the free-electron-gas

model. With one of these approximations [the orthogo-
nalized asymptotically adjusted (OAA) results of Fig. 4 in
Ref. 21] the static-model-exchange cross sections show a
Ramsauer minimum in strong contrast to our static-
exchange results which are essentially flat in this energy
range. The other static-model-exchange result of Ref. 2 1

shown in our Fig. 1 [the orthogonalized Hara (OH) mod-
el] are closer to our static-exchange cross sections below 1

eV. It is important to note, however, that at energies
above 1 eV this same model potential yields cross sections
which are very different from our static-exchange results
and those obtained with the OAA model.

To further explore this Ramsauer- Townsend minimum
we have also carried out calculations expanding the
scattering wave function only in terms of A ] config-
urations which give a nonzero contribution to Kpp, the s-
wave element of the E matrix. The Ramsauer minimum
occurs in this s-wave scattering amplitude and use of 350
such A ~ configurations, the maximum allowable in the
present computer programs, allows us to look at the posi-
tion of the minimum more closely. The resulting closed-
channel configurations are given in Table II ~ Note that
the choice of A ] configurations in the basis shown in
Table I, with which scattering cross sections are actually
obtained, is made so as to be consistent, e.g. , t 2, t 2~, and
t 2, should be equivalent, with those of the other sym-
metries ( A2, B ~, B2). The values of Koo using this
basis are shown in Table III along with the static-
exchange values and those obtained with basis I of Table
I. The static-exchange values show no change in sign and
hence no Ramsauer minimum On the other hand, with
polarization Kpp changes sign around 0.1 eV with basis I
and at slightly higher energy with basis II which includes
a large number of closed-channel 2 ~ configurations with
nonzero s-wave contributions.

To assess the effects of polarization at higher collision
energies where their influence should not be as pro-
nounced as around the Ramsauer minimum, Figs. 2 and 3
show calculated diff'erential cross sections in both the

TABLE II. Configurations for closed-channel expansion of the A [ scattering wave function for basis
II. Notation used here is the same as that for Table I. These configurations give nonzero contributions
to the pure s-wave element of the K matrix K@.

[3a~ na~]ka~
[3a~ nb~]kb~
[3a ] nb 2]kb2

[1b ~ nb ~] ka ~

[1b ~ nb2] ka2

A ]

[1b2 nb2]ka~
[1b2 nb &]ka2

A

[2a ~ na ~] ka &

[2a~ nb~]kb~
[2a~ nb2lkb2
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FIG. 1. Integral cross sections for c-CH4 collisions below 1

eV: curve A, present static-exchange-polarization results; curve
8, present static-exchange results; curves C and D, static-
exchange results OH and OAA, respectively, of Ref. 21; curve
E, local exchange-model polarization results of Ref. 16.
and ~ represent the experimental results of Refs. 4, 5, and 12,
respectively.

static-exchange and static-exchange-polarization approxi-
mations at 3.0 and 7.5 eV, respectively, along with experi-
mental data taken from Refs. 11, 12, and 22. Comparison
of these results at 3 eV illustrates the importance of polar-
ization eA'ects below 90' at this lower energy. Although
our present closed-channel expansion does lead to sub-
stantial change in these cross sections at lower angles, it is
not large enough to show the minimum seen experimental-
ly around 30 to 40 . At angles beyond 90, the cross
sections are quite well described at the static-exchange
level. At 7.5 eV, the static-exchange results reproduce the
general shape and magnitude of the diA'erential cross sec-
tions. However, when polarization eA'ects are included,
the agreement between the calculated and measured cross
sections is excellent.

As a preliminary test of the convergence of our results
we have carried out calculations in which the scattering

TABLE III. The pure s-wave element of the K matrix for e-
CH4 collisions.

Energy {eV)

0.02
0. 1

0.2
0.5

—0.069
—0.159
—0.218
—0.331

SEP b

(Table I)

+0.008
—0.003
—0.033
—0.136

SEP'
(Table II)

+0.014
+0.007
—0.022
—0.125

'Static-exchange result.
SEP with polarization using the closed-channel expansion of

Table I.
'SEP with polarization using the closed-channel expansion of
Table II.

FIG. 2. DifI'erential cross sections for e-CH4 collisions at 3.0
eV: the dashed line and the solid line, present static-exchange-
polarization and static-exchange results, respectively; 0 and &

represent the experimental data of Refs. 11 and 12, respectively.

basis used above was augmented with difuse s- and p-type
Gaussian functions on the carbon and hydrogen atoms, re-
spectively. These additional functions led to no significant
changes in the cross sections. Further studies of these
cross sections including a larger number of configurations
and a direct numerical quadrature of the second-Born-like
matrix elements, i.e., (%'

~
VGV

~
III) arising in our theory

are under way.
In summary, we have presented the first results of en-

tirely ab initio studies of the cross sections for the col-
lisions of low-energy electrons by the nonlinear polyatom-
ic molecule CH4. These calculations show explicitly that
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FIG. 3. Differential cross sections for e-CH4 collisions at 7.5
eV: dashed line and solid line, present static-exchange-polar-
ization and static-exchange results, respectively; & and 0 repre-
sent the experimental data of Refs. 11 and 22, respectively.
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the Ramsauer-Townsend minimum in these cross sections
arises from polarization effects and are not present in the
static-exchange approximation.
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