
PHYSICAL REVIEW A VOLUME 52, NUMBER 2 AUGUST 1995

Elastic scattering of electrons by methane molecules
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Vibrational elastic, rotationally summed cross sections for electron collisions with CH4 are calculated
with ab initio static-exchange interactions and using a symmetry-adapted, single-center-expansion repre-
sentation for the close-coupling equations. The correlation forces are included through density-

functional theory and via a near-Hartree-Fock self-consistent-field description of the target wave func-

tion. Integral and diff'erential cross sections are calculated over a broad range of collision energies, from
the shape resonance region up to 50 eV. Comparisons with experiments and with previous calculations
show that the present results indeed exhibit very good overall accord with measurements at these col-
lision energies and describe very efhciently the electron angular distributions as given by a very broad
range of measurements.

PACS number{s): 34.80.8m

I. INTRODUCTION

Considerable progress has been made in recent years
on both the theoretical and the experimental aspects of
low-energy collisions of electrons with polyatomic mole-
cules, after many years of rather slow progress with
respect to that witnessed by the corresponding scattering
processes from atomic targets. Such developments have
been particularly remarkable for the CH4 molecule,
which has been studied by several groups over many
years, becoming in a sense the testing system, similar to
the hydrogen molecule in the case of diatomics, of both
theories and experimental machineries for polyatomic
targets. Methane is, of course, an important constituent
of the atmospheres of the outer planets and is one of the
key trace elements that could alter the upper atmosphere
on earth, hence its relevance in molecular astrophysics
[1]. Furthermore, it has become of interest for plasma
processing [2], particularly for deposition processes, and
also plays a relevant role in edge plasmas for fusion de-
vices.

The observed cross sections in electron-methane
scattering show a Ramsauer-Townsend minimum around
0.4 eV and a marked increase for higher energies with a
maximum at about 8 eV. Both of those structures have
been well examined by several experiments [3—14] in
terms of integral cross sections, total, partial, and elastic,
and in terms of difFerential cross sections at several col-
lision energies and for a broad range of angles.

Calculations have also been carried out by several au-
thors, who tested their theoretical models against the
above experimental findings. Very extensive studies of
electron-methane scattering were, in fact, published by
Jain [15] using model potentials. Gianturco and Scialla
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[16] reproduced the Ramsauer-Townsend (RT) minimum
in the integral cross section close to the experimental
values, using a modified semiclassical exchange and a
correlation-polarization potential from a free-electron-gas
(FEG) model [17]. Ab initio results were obtained by the
Schwinger multichannel method [18,19] and by using the
complex Kohn variational (CKV) method [20]. The
former calculations [18] provided differential cross sec-
tions at the static-exchange (SE) level and the static-
exchange-plus-polarization (SEP) level of computation
[19]. For the higher collision energies (between 7.5 and
20 eV) they found good agreement between calculated
difFerential cross sections at the SE level and the experi-
mental findings. At the SEP level, however, they found
the RT minimum to be located at 0.1 eV. Similarly, the
CKV calculations [20] obtained partial cross sections in
the 2 „T2, and E symmetry at the SE level and their re-
sulting cross sections were in good agreement with the
experimental results at higher energies. Further calcula-
tions with the same approach [21] at the SEP level, how-
ever, found the RT minimum at 0.4 eV, as the experi-
ments suggest, and obtained computed difFerential cross
sections for low colhsion energies (0.5 —1.0 eV), which
were also in good accord with the measurements.

Even more recently, model calculations on the CH4
molecule have appeared [22] to describe the differential
cross sections (DCS's) for the higher range of collision en-
ergies (10—50 eV) and found also reasonable accord with
measurements. Ab initio calculations that employed an
ab initio R-matrix (RM) treatment were also recently
published [23] and reported the integral and partial elas-
tic cross sections below the ionization limit and in the en-

ergy range of the experimental RT minimum. The corre-
sponding DCS's were also computed in that region and
found to be only in qualitative agreement with the mea-
surements. It is interesting to note, however, that even
the most sophisticated computational methods still show
discrepancies with the experiments and indicate that a
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fully converged SEP calculation for the cross sections of
this test molecule still needs to be done.

In the present paper we extent our earlier work on the
methane molecule [6,7] by obtaining more accurately
both the description of the target wave function and the
exchange interaction between the scattering electron and
the bound electrons. Furthermore, we test various types
of correlation-polarization potential functions ( Vcp) by
employing different forms of density-functional theory
(DFT) recently proposed by us for electron and positron
scattering from atomic targets [24,25]. The aims of the
calculations that we will report in this paper are therefore
the following: (i} to employ the symmetry-adapted
single-center expansion (SCE) of the total wave function
within a close-coupling (CC} set of scattering equations
starting with a multicenter wave function for the target
electrons (this approach has been recently tested by us for
other polyatomic molecules such as SiH~ [26] and CF4
[27] and found to yield very good agreement with experi-
ments); (ii) to show that the inclusion of correlation
effects via a DFT description of such forces is capable of
giving final cross sections in quantitative accord with ex-
isting data and with a substantial reduction of computa-
tional effort with respect to more traditional
multiconfigurational approaches; (iii) to test quantitative-
ly the partial-wave expansion convergence of the SCE ap-
proach without the limitations of the single-center basis
sets used before in the calculations [6,7]; (iv) to show that
the use of an exact exchange treatment, i.e., the improved
iterative exchange approach discussed earlier by us
[27,28], allows us here to obtain integral and differential
cross sections that show the best available agreement in
the range of energy for the resonance feature and also at
much higher scattering energies; and (v) to compare our
computed DCS's, over a broad range of collision ener-
gies, with available experiments and with other recent
computed values.

In the following section we describe our present com-
putational approach, while Sec. III reports out integral
cross sections for the rotationally summed, vibrationally
elastic scattering processes and compares them with ex-
periments and with other calculations. Section IV
presents our calculated angular distributions and carries
out the same sort of comparison, while our final con-
clusions are presented in Sec. V.

II. SINGLE-CENTER EXPANDED EQUATIONS

The initial step in our treatment is to generate the full
electron-molecule interaction potential as a local and
nonlocal function of the electronic density of the target
molecule as given by its self-consistent-field (SCF)
Hartree-Fock (HF) molecular orbitals (MO's) produced
via a multicenter expansion over Gaussian-type analytic
functions (GTO's) [29].

We describe the collisional process in terms of the solu-
tions of the Schrodinger equation written in the form

AV(r, x) =E'P(r, x), (1)

where

A(r, x)=F(r)+t (r, x)+H (x), (2)

with f' being the kinetic energy operator for the scatter-
ing electron, f' is the electron-molecule interaction, and

is the Hamiltonian of the molecular target. We let x
represent collectively the coordinates of the bound elec-
trons and of the molecular nuclei and intend to refer all
particles to a frame of reference fixed to the molecule
[body-fixed (BF) frame].

The many-body problem in the scattering, electronic
coordinate r is now converted into an effective single-
particle problem by expanding

%'(r, x}=+A[F (r)P (x)], (3)

where A is the antisymmetrization operator for the elec-
tronic coordinates, while the molecular nuclei are con-
sidered as being fixed in space during the scattering event
(FN approximation [30]).

By inserting Eq. (3) into Eq. (1) and multiplying the
left-hand side by the conjugate of a representative state in
the expansion (3},one obtains the familiar set of coupled
integro-differential equations (IDE's)

H =Vz+kz,

j &(r)= Jk &(r~r')F&(r')dr',

& &(r~r'}= f &(r)5(r —r')+@' &(r~r') .

(5)

(6)

(7)

Here k is given by 2(E —E ), with E being the total col-
lision energy and c the molecular internal energy in the
target state ~a). The local interaction involves, in our
treatment, the exact electrostatic interaction with the tar-
get P'„and the linear response function of its electrons to
the impinging projectile, the correlation-polarization po-
tential P'cp, described in our earlier work [3] using the
(FEG) approximation and recently further modified by
using gradient expansion corrections to a (DFT) treat-
ment of short-range correlation [24,25]. The nonlocal in-
teraction k & describes the exchange potential between
the bound and the continuum orbitals, obtained exactly
via energy-optimized iterative schemes [28]. In the case
of only one single term in the expansion (3), the elastic
scattering problem is then dealt with for a specific elec-
tronic state

~
a ) of the target molecule within the FN ap-

proximation [30].
In order to solve the numerical problem as that of a set

of coupled integro-differential radial equations, one needs
now to expand both the bound [N;(x;)], multicenter
MO's, and the continuum electron function [F(r) ] over a
set of (SCE), symmetry adapted partial waves X:

(8a}

8 F (r)=gg &(r) .
P

In the above set of (CC) equations for the scattering prob-
lem the following meaning of the symbols applies:
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h, l

Here ~i ) labels a specific, multicenter, occupied MO
within the single-determinant description of the SCF HF
wave function of the target molecule. The indices of the
continuum function and of each contribution ~p(M ) label a
relevant irreducible representation (IR) p and one of its
component p. The index h labels a specific basis, for the
given partial wave l, used within the pth IR one is consid-
ering. The generalized, symmetry-adapted harmonics
was given before many times [5,6] and will not be dis-
cussed here again. The corresponding coefticients
ub&=uk&"'(r) are the essential ingredients for computing
the interaction potentials of Eq. (7) and were obtained
here by numerical quadrature of the multicenter GTO's
given as Cartesian Gaussian functions

labeled by the kth atomic center, of which g is the jth
function, and by the contraction index v of the primitive
Gaussian within the subgroup that belongs to a given set
of contraction coe%cients d

max

Gkj(x ) g dkjgkJ(x )
v=1

The remaining parameters are included in the normaliza-
tion constant 2V:

X(a,b, c;a)
3/4

[ ( 2a —1 )!!(2b —1 )!!(2c —1 )!!] ' /

)(a + b +c)/2+ 3/4

g„~(xk ) =X(a,b, c;a)x'y "z'exp( —ax ) (9a)
The corresponding radial coefficients of Eq. (Sa) are thus
given by the angular quadratures

uk&(;R)= g g g g I sin8dB f b/ 5/ (8,y)C/ (R)d„"X(a,b, c;a)x'y "z'exp( —x )dy,
k atoms jCiTO's ucoeffs m

where the first two terms on the right-hand side describe
explicitly the generalized real, symmetry-adapted har-
monics Xb& with ~p(u) =

~i ) and Ckj the GTO coefficient
of the jth GTO. The quadratures where carried out via
Gauss-Laguerre grids using a discrete, variable radial
grid, for each point of which the spherical grid in the
(8,y) points was evaluated. Convergence was achieved
with grids of 46X46 sets of angular points, while up to
500 radial values were generated in the center of mass of
the molecular target (BF frame). Several numerical tests
were carried out using diFerent grids and the final results
can be considered converged (on the wave-function repre-
sentation) within less than 1%. A further discussion of
the accelerated convergence for the iterative exchange
approach was already given in our previous work [26,2].

III. INTEGRAL ELASTIC CROSS SECTIONS

As mentioned in the Introduction, several experimen-
tal and theoretical data exist for the CH4 molecule from
electron scattering processes over a broad range of col-
lision energies. It therefore becomes a very useful system
for which to test the quaLity of the computational models
one employs to describe the dynamics of the interaction.

The employed GTO, multicenter wave function was
obtained using a quantum chemistry standard computer
code [32] and was given by a triple-g expansion plus d
type polarization functions on C and p-type polarization
functions on the H atoms. The bond distance was kept
fixed at 2.063 a.u.

The SCE implementation was carried out, in a
symmetry-adapted form, for all the potential contribu-
tions of Eq. (7) and for both the bound and the continu-
um orbitals of Eqs. (8), up to /, „=12. The IR con-
sidered in the calculations were the 2 „the T2, and the E

I

symmetries for the continuum orbitals, while only the a
&

and the t2 symmetries are occupied in the 'A, ground
electronic state of the target molecule.

Convergence tests on the partial-wave expansions were
carried out in all the symmetries. An example for the 3 j

component is shown in Table I, where the computed in-
tegral elastic cross sections (rotationally summed) are
shown for diFerent l,„values. In that exalnple the ex-
change interaction was given by a (FEG) local, energy-
dependent approximation already discussed by us for po-
lyatomic targets [29,31]. We have shown in Table I three
I values only, i.e., the results for I „.,=7, 8, and 9: one
clearly sees that all cross sections have essentially con-
verged with 1,„=7,which means five coupled IDE's for
the scattering process in the 3

&
symmetry.

It is also interesting to note that, when using an ap-
proximate form for W

&
in Eq. (7), it is usually suggested

[33] that the continuum functions should be forced to be
orthogonal to the bound orbitals of the same symmetry in
order to guarantee the right nodal structure of all A +1
orbitals within the physical space of the molecular charge
density. %'e have numerically tested the eFects of such
orthogonalization across the energy region of the broad
shape resonance that exists in the CH4 scattering process.
Hence we have employed an energy-dependent local form
of exchange model [34] with orthogonality constraints,
while also carrying out calculations with exactly the same
potential as before but without the enforcement of
Lagrange multipliers: we found that the diFerences were
rather small and only began to play a role when the ener-

gy went down to the (RT) minimum. This is rather
reassuring since it means that approximate exchange in-
teractions can still be used for semiquantitative treat-
rnents of the scattering problem.

The present results use the exact exchange interaction,
whereby the final scattering orbitals at the (SE) level are
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TABLE I. Computed partial integral sections (rotationally summed) for electron-CH4 scattering in
the 3

&
state of the (N+1)-electron system. All quantities are in cm . The numbers in square brackets

denote multiplicative powers of 10.

~niax

Z, &~
(eV)

0.50
0.60
1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00
10.00
10.00
12.00
13.00
14.00
15.00

0.881 89[—16]
0.12448[ —15]
0.268 3[—15]
0.514 91[—15]
0.622 4[ —15 ]
0.654 27[ —15]
0.648 27[ —15]
0.624 1[—1S]
0.592 15[—15]
0.557 86[ —15]
0.524 06[ —15 ]
0.492 20[ —15 ]
0.462 98[—15]
0.436 66[ —15 ]
0.413 24[ —15]
0.392 54[ —15]
0.37428[ —15]

0.880 1[—16]
0.124 3[—1S]
0.268 15[—15]
0.514 81[—15]
0.622 30[—15]
0.654 23[ —15 ]
0.648 24[ —15]
0.624 1[—15]
O. S92 15[—15]
0.557 87[ —15]
0.524 10[—15]
0.492 26[ —15]
0.463 13[—15]
0.436 68 [ —15]
0.413 54[ —15]
0.392 53[—15]
0.374 78[ —15]

0.880 81[—16]
0.124 38[ —15 ]
0.681 4[ —1S]
0.514 58[ —15]
0.622 2[ —15]
0.654 24[ —15 ]
0.648 20[ —15 ]
0.612 40[ —15 ]
0.592 16[—15]
0.557 90[—15 ]
0.524 16[—15]
0.402 26[ —15 ]
0.463 16[—15]
0.437 50[ —15]
0.41441[—15]
0.393 08[ —15]
0.374 23[ —15]

obtained correctly to be orthogonal to the bound MO's.
They are shown in Fig. 1 for the present range of col-
lision energies. The solid line shows the calculations us-
ing the GTO expansion discussed in the present work and
the correlation-polarization potential from the OFT
model [24]. The dashed line shows our calculations with
a simpler correlation-polarization potential from the
electron-gas model [17]. Finally, the dash-dotted curve
reports calculations that used the FEG model and also
employed directly our earlier single-center SCF wave
function obtained from a Slater-type orbital basis set ex-
pansion [31,34]. One clearly sees that differences
markedly exist around the resonance region and that the
more Aexible basis set exhibits very good agreement with
the experiments that refer to elastic cross section mea-
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FIG. 1. Computed and measured elastic (rotationally
summed) integral cross sections for electron-methane scattering.
The experiments are represented as follows: filled squares, from
Ref. [35]; open squares, from Ref. [36]; filled triangles, from
Ref. [11];open triangles, from Ref. [9]. The calculations are
discussed in the main text.

surements [20,21], the latter being the quantity produced
by our calculations. The smaller basis set with the STO
expansion, on the other hand, appears to provide the
correct overall shape of the total integral cross sections as
a function of energy, but it gives values about 10% larger
in the 7—9 eV range of energies. It is worth noting at this
point that the present results yield very accurate calcula-
tions for the CH4 molecule, as we shall further discuss
below. We have also shown in Fig. 1 the experimental
points obtained for the total cross sections'. filled squares
are from Ref. [35] and open squares are from Ref. [36].
As expected, our better calculations using the present
GTO expansion correctly produce elastic cross sections
smaller than those given by the experiments that report
the total cross sections. Further measurements for elastic
cross sections are given by the filled triangles (Ref. [11])
and the open triangles (Ref. [9]). We see that our results
that use the FEG modeling of correlation forces follow
very closely such experimental data.

It is interesting to see how the difFerent ab initio models
for the correlation-polarization potentials behave in the
inner region, where difFerent density-functional ap-
proaches could be used. The spherical components of the
Vcp(1 ) used Ill 0111' Plcscllt work ale sllowll 111 Fig. 2. In
the long-range region we employed the spherical com-
ponent, of the dipole polarizability coeKcient, using its
experimental value at the equilibrium geometry of the
target [31]. The corresponding short-range potentials are
given by the earlier FEG that uses the target density
without gradient corrections [31,37] (dash-dotted line), by
the density-functional theory with gradient corrections
[24,25], and with two different choices of two-electron
correlation function: the Lee-Yang-Parr model [38] and
the Clementi-Carravetta model [39], both of which we
have discussed at length before [40]. The latter model is
given in Fig. 2 by a solid line, while the former is given by
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FIG. 2. Spherical components of the computed correlation-
polarization potentials Vcp employed in the present calcula-
tions. The solid line refers to the DFT potential form of Ref.
[36], the dashed curve gives the DFT with two different choices
of the two-electron correlation function, and the dash-dotted
curve gives the FEG model proposed in Ref. [37].

FIG. 3. Computed and measured integral elastic cross sec-
tions (rotationally summed) for electron scattering from CH4.
The experimental data are represented as follows: open squares,
from Ref. [9]; crosses, from Ref. [11];open triangles, from Ref.
[12]. The calculations refer to the present results using DFT
correlation potential, solid line; the RM calculations of Ref.
[23], dash-dotted line; the CKV calculations of Ref. [21], open
circles.

the dashed line. One clearly sees that the FEG modeling
difFers from the DFT approach in both the intermediate
region of the interactions and in the very short distance
behavior of the potentials, while the two dift'erent two-
electron correlation functions appear to aft'ect the Vcp
mostly at very short distances.

As a result, the cross sections of Fig. 1 are essentially
coincident for the case where DFT potentials are used
(solid line), while the FEG results indicate di6'erences in
the intermediate-energy regions. One should keep in
mind, on the other hand, that the short-range region of
the Vcp potentials play a rather minor role because of the
dominance there of nuclear Coulomb forces. The
difFerences between the two models in the range of
2ao —4ao, on the other hand, indicate that the FEG mod-
eling of correlation forces produces a stronger contribu-
tion in that range of distances. All Vcp potentials, on the
other hand, bring the computed cross sections rather
close to the experimental findings. To further test the
quality of the present calculations, the plots reported in
Fig. 3 compare the experimental findings with our SCE
results, which used exact static plus converged iterative
exchange potentials (and further employed the present
DFT model for correlation-polarization forces) with the
most recent calculations that employed the (RM) ap-
proach [23]. Our data are given by the solid line for the
DFT modeling of the Vcp potential. The RM results are
given by the dash-dotted line. The experimental data are
from the sets of references already shown in Fig. 1. One
clearly sees that our DFT results follow very closely the
elastic integral cross section data, while the RM results
are consistently smaller in the low and intermediate
ranges of energy and get closer both to experiments and
to our calculations around the broad resonance max-
imum. It is also interesting to note that the rather exten-
sive multiconfigurational calculations of Ref. [21], which

used the CKV method mentioned before and are given by
open circles in our figure, follow very closely the DFT re-
sults, but depart markedly from them as the energy gets
lower. Given the rather limited computational efFort
needed to include the present Vcp model in our calcula-
tions, it is reassuring to see how well it, performs in corn-
parison both with experiments and with other much
more complicated calculations.

If one further considers the fact that the experiments
involved total integral cross sections and that the inelas-
tic contributions around the RT region are estimated to
be of the order of 50% of the total cross section [41], then
one finds that our elastic cross-section values (rotationally
summed but vibrationally elastic) are remarkably close to
experiments as the collision energy decreases. Further-
more„we also see that the choice of our two models for
the Vcp interaction afFects rather little the overall energy
dependence of the cross sections in Fig. 3 and ma, kes also
rather little difference in their magnitude. Both the DFT
and the FEG calculations show a marked minimum at
lower energy and agree very well with the experimental
data, as we discuss elsewhere [42]. An extensive compar-
ison between the pr'eserlt SCE apploach arid all the avail-
able recent calculations on the total integral elastic (rota-
tionally summed) cross sections around the RT minimum
shows, in fact, that the present approach indeed agrees
mell with both experiments and the best existing calcula-
tions. In conclusion, the calculations reported in this sec-
tion, and the comparisons carried out with the existing
experiments and with the most recent calculations using
di8'erent methods, indicate that the present modeling of
correlation forces by basically using a local density-
functional approach, when coupled to the correct treat-
ment of static and exchange forces, can yield rather good
accord with experiments and appears to be very cornpeti-
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tive with respect to other, more complicated, modelings
that use L -function expansions.

10
2

1S eV

IV. SCA'I I'ERING ANGULAR DISTRIBUTIONS

As mentioned earlier, the behavior of the angular dis-
tributions of various collision energies, when compared
with experimental data, becomes a very useful indicator
of the quality of a given computational model. As we
shall see in this section, this is particularly true for the
measurements available for the methane molecule.

%'e present in Fig. 4 the behavior of the elastic cross
sections at 10 eV, together with the results of the mea-
surements and of earlier calculations. The experimental
data are from Boesten and Tanaka [13] (filled circles) and
from Shyn and Cravens [14] (open circles}. The calculat-
ed values are the present results using the DFT model
(solid line), the FEG model (dashed line) to treat correla-
tion effects, and the earlier SCE calculations from
Thompson, McNaughten, and Jain [43] (short-dashed
line). As one can see, both our calculations produce
essentially the same results at such energies and follow
very closely the experiments of Boesten and Tanaka: the
earlier results [43] are larger than the measured data at
all angles but follow as well as our calculations their gen-
eral shape. It is interesting to note that the recent SCE
calculations with model potentials [22] are also as close
to experiments as our results and indicate a remarkable
agreement among different theoretical approaches as far
as the present DCS is concerned.

Two higher collision energies are examined by the cal-
culations and measurements reported in Figs. 5 and 6. In
the data of Fig. 5 the results shown refer to an E„ll value
of 15 eV, while those from Fig. 6 show elastic DCS's at
20 eV. The experimental data are, in both cases, from
the references mentioned before [13,14]. Our calculated
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AJ
eQ

0 10

0
o 10

10
tL)

10

30 eV

-2
10

0 30
J. M ~ ~ J ~ ~ L i . .L. I .J..

60 90 l20 15() 180

Scattering Angle (deg}

10

FIG. 4. Computed and measured differential cross sections at
10 eV. Only rotationally elastic cross sections are shown. The
experimental data are represented as follows: filled circles, from
Ref. [13];open circles, from Ref. [14]. The present calculations
are represented as follows: solid line, using the DFT model;
long-dashed line, using the FEG model. The calculations of
Ref. [43] are given by the short-dashed line.
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FIG. 8. Same as in Fig. 4 but for a collision energy of 50 eV.

quantities follow. again very closely the measured data
and show at both energies minima in the DCS that coin-
cide with the experiments. The recent model calculations
of Nishimura and Itikawa [22] are also very close to mea-
surements as far as overall shape of the DCS is con-
cerned, but are consistently slightly smaller than our
cross sections.

A further set of calculations and measurements, at two
higher collision energies, is reported in Figs. 7 and 8,
where the former refers to an E„» value of 30 eV while
the latter is for a value of 50 eV. The experiments are
again from the previous references [13,14]. Our two
different models of the correlation forces once more give
results that are practically coincident at all angles. This
is in keeping with calculations at low energies [42], where
it was shown that the two models affect the results only
at very low collision energies and there only over a limit-
ed range of angles. Furthermore, it stands to reason that,
as the collision energy increases, the electron penetrates
more deeply inside the molecular charge distribution and
therefore the V„and the 8',„,h contributions dominate
the scattering process. It is also very reassuring to see
that our calculations provide very good accord with ex-
periments at all the scattering angles, i.e., up to very large
8 values as given by the experiments. The earlier, more
elaborate calculations of elastic DCS [21,43] showed in
one case [21] results up to only 7.5 eV, while the others
[43] are usually too large in the smaller-angle region of
the DCS. The more recent SCE model calculations at the
same collision energies [22] also show much larger contri-
butions as the scattering angles increase and therefore in-
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FIG. 9. Computed state-to-state rotationally inelastic cross
sections at 10 eV (top) and at 50 eV (bottom) of collision energy.
Solid line, 0—+0 process; long-dashed line, 0—+4 excitation; dot-
ted line 0—+3 excitation; dashed line, total, rotationally summed
cross section. The experimental data are represented as in Fig.

dicate stronger backscattering effects with respect to ex-
periments. Both calculations [22,43] therefore produce
momentum transfer cross sections Q that are markedly
larger than the experiments [22]. Our present results, on
the other hand, show better accord with existing data and
produce much smaller Q values at the collision energies
of the measurements [13,14]. A comparison for such

0
TABLE II. Computed and measured momentum transfer cross sections Q in units of A (elastic

values).

Energy (eV)
Present (FEG) 14.4
Present (OFT)
From Ref. [22]
Expt. from Ref. [14]
Expt. from Ref. [13]

5.0
14.4
13.5

10.0
15.1
14.8
15.83
10.05
20.21

15.0
9.53
9.53

11.97
7.5

11.78

20.0
6.54
6.51
9.05
5.4
6.95

30.0
4.00
3.95
6.02
3.5
3.87

50.0
2.39
2.38
3.42
1.8
2.22
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quantities is shown in Table II.
It is also interesting to discuss at this point the possible

role of inelastic processes at the collision energies exam-
ined in this work. As an example for such an analysis we
report in Fig. 9 two sets of state-to-state rotationally in-
elastic cross sections at 10 eV (top part of the figure) and
at 50 eV (bottom part of the figure). One clearly sees
that, depending on ihe angle, some Of the processes show
inelastic contributions larger than the elastic one. In par-
ticular, at lO cV QIlc secs that thc 0~4 cxcltatlQIl coIl-
tributes substantially around the minimum shown both
by experiment and, Inore markedly, by our 0~0 calcu-
lations. Given the fact that the experiments measure the
elastic process, as thei. r close agreement with our calcula-
tions clearly show, one cannot rule out the possibility
that some inelastic cAccts are also present in iIIic experi-
ments around 110, thus explaining the diAercnces with
our calculations at those angles. An even clearer example
Qf the increased role of inelastic processes as the energy
increases is shown by the results at 50 eV, reported in the
bottom part of Fig. 9. Onc clearly sees now that the ex-
periments definitely refer to the elastic process since
inelasticity now plays a much larger role and would dom-
inate the scattering process.

V. CONCILUSIQNS

In the present work we have analyzed ][n some detail
the behavior of integral Rnd diIIFcrcntial elastic cross sec-
tions fo1 clcctIon scattcI. lng from CH4 Rt colllslon cncI.-

gies from the broad Tz resonance around 8 cV up to 50
eV. The computational procedure that we employ here
starts from a multicentcr description of the target mole-
cule and proceeds to solve the scattering problem using R

single-center close-coupling expansion in symmetry-
adaptcd angular functions. The n'lcthod turns Qut to bc
computationally feasible not Only for such a special target
molecule, but also for a morc complex case such as CF4

[44], SF6 [45], and benzene [45]. The treatment of the in-
teraction is carried out at the ab initio level for the V„
and the 8', ,b so that essentially exact SE cross sections
can be obtained. Correlation and polarization forces, on
the other hand, are treated via a parameter-free ab initio
model that uses a local density-functional modeling of
short-range dynamic correlation. The present calcula-
tions, like earlier ones [17,26,27], indicate that such mod-
els work well for the electronic ground-state and for sys-
tems where the static correlation efFects are rather unim-
portant. They correctly describe the final cross-section
behavior down to very low collision energies [42] and
OVCI' R broad I'RIlgC Of RIlglCS and CIlC1g1CS, RS Shown 1Il

this work. Given the reduction in computational eftort,
such an approach seems indeed to be very promising for
treating larger molecular targets and for the formulation
of realistic local models of electron-molecule interactions
in the study of shape resonance C6'ects. A detailed
analysis for the SF6 molecule, in fact, has been recently
completed in our laboratory [45].

In the present calculations we have also shown that our
computational model can provide quantitative agreement
with existing data Rs well as any of the more complicated
computational methods and often better than them for
crucial features in the cross sections [42], both integral
and diftcrcntial. Extensions to the treatment of vibration-
al inelastic processes are currently under study and will
be presented elsewhere [46].
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