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We report cross sections for excitation of the (1 tz ...... 3sa 1) singlet and triplet states of methane 
by low-energy electron impact. The cross sections for these dissociative states were obtained 
using the Schwinger multichannel variational method with up to seven channels (three physi
cal states) coupled. Aspects of the convergence with respect to channel coupling are dis
cussed. A preliminary comparison with the recently measured CHz fragment production 
cross section [T. Nakano, H. Toyoda, and H. Sugai, Jpn. J. Appl. Phys. 30, 2912 (1991)] 
shows fair agreement. 

I. INTRODUCTION 

Although low-energy electron-molecule collisions are 
of both fundamental and practical 1 interest, there is as yet 
little quantitative information on the electronically inelas
tic cross sections, especially for polyatomic molecules. In 
part this situation reflects the difficulty of the relevant ex
periments, and in part the absence, until recently, of ade
quate theoretical methods. In the past few years, however, 
there has been progress in computational approaches, and 
results have appeared for polyatomic molecules including 
water, z formaldehyde,3,4 and ethylene.5,6 In the present pa
per, we consider excitation of methane (CH4) to its two 
lowest-lying excited states, the (ltZ ...... 3sal) 1,3Tz states. In 
a previous study7 we have calculated cross sections for 
these states in a two-channel approximation; in this work 
we consider more extensive coupling schemes that include 
interactions among excited-state channels. 

A study of these transitions is interesting for a number 
of reasons. Like all electronically excited states of meth
ane,s the (ltZ ...... 3sal) 1,3Tz are dissociative. Since they have 
the lowest thresholds, the 1 3Tz and 11Tz states can be 
expected to playa large role in the production of reactive 
fragments within low-temperature plasmas used, for exam
ple, in the plasma-assisted chemical vapor deposition of 
diamond-like films.9 On the theoretical side, there are as 
yet few ab initio studies of Rydberg-type excitations in 
molecules, and it is of interest to learn how such calcula
tions compare to studies of valence excitations. Further, a 
theoretical prediction of dissociation cross sections for 
molecules such as methane will require the calculation of a 
number of discrete transitions, as well as procedures for. 
extrapolation and for inclusion of the ionization contin
uum. Before undertaking such an ambitious program, it is 
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useful to examine convergence with respect to basis set size 
and channel coupling within a more limited context. 

The low-lying excited electronic states of methane have 
been the subject of numerous experimental and theoretical 
studies, although most previous work has emphasized the 
optically allowed singlet excitations. High energy, near
forward electron scattering experimentslO,11 place the sin
glet threshold at 8.55 eV, in good agreement with the 
threshold of 8.52 eV determined from photoabsorption 
measurements. 1Z Assignment of a definite threshold energy 
is complicated, however, because the state is dissociative 
and in vertical transitions is accessed far from any local 
minima. For example, the electron-impact excitation ex
periments show maxima at 9.65 a.nd 10.33 eV that have 
been interpretedlO,ll as components of the lTz state that 
are split by Jahn-Teller distortion. In a low energy electron 
scattering experiment using the trapped electron method, 
Brongersma and 00sterhoff13 placed the first triplet peak at 
8.8 eV; however, the triplet threshold is certainly some
what lower than this maximum. Theoretical determina-
t · 14 15 f th . I .. . h I Ions ' 0 e vertlca eXCItatIOn energies ave p aced the 
1 3Tz threshold at 9.96 and 9.97 eV, while theoretical val
ues for the liT z vertical excitation energy include 10.4,14 
10.24,15 and 11.21 eV. 16 None of these calculations is ex
tensive by current standards, and the large discrepancies 
among them are not surprising. 

Th t · ltd' 16-1S d h d' .. . eore lca s u les an p oto lSSOClatlon expen-
ments19 show that the lowest singlet state dissociates pri
marily to CHz and Hz. According to the calculations, dis
sociation leads to 1 1 Bl methylene and X 1~+ hydrogen. 
Similar calculations have apparently not been gdone for the 
1 3 T z state of methane, but it seems plausible that it disso
ciates in similar fashion, i.e., to X 3 Bl CHz and X 1~+ Hz. 
Emission cross sections for various fragments produJed by 
electron impact or photofragmentation of CH4 have been 
extensively studied.zo Lyman-a emission appears at about 
21 eV excitation energy, although energetically allowed 
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above 14.7 eV. The absence of VUV emissions at lower 
excitation energies suggests that dissociation below 21 eV 
primarily leads to ground or metastable states of the neu
tral fragments and ions. 

Recommended cross section data for various elastic 
and inelastic processes in CH4 have recently been assem
bled by several authors.21-23 We are not aware of any mea
sured cross sections for excitation of the (1tr+ 3sal) 1,3T 2 
states by low-energy electrons. However, VuSkovic and 
Trajmar24 have reported differential and integral cross sec
tions for excitation of methane that do not resolve individ
ual channels but rather sum over all channels whose 
thresholds lie within certain energy ranges. Nakano et al. 25 

have recently measured cross sections for production of 
CH2 and CH3 fragments by electron impact. Since, as dis
cussed above, the (1 t2 -> 3sa I) IT 2 state and presumably the 
3T2 state dissociate primarily to CH2, it is useful to com
pare our summed singlet and triplet cross sections with 
their CH2 cross section, which should form an upper 
bound. 

In the next section, we review the theory and the com
putational method used in the present study. Section III 
contains our results, and a discussion and concluding re
marks are given in Sec. IV. 

II. CALCULATIONS 

These calculations employed the Schwinger multichan
nel (SMC) method, a variational procedure that has been 
described elsewhere.26-28 We have recently implemented 
this procedure on distributed-memory parallel computers 
in order to address larger scattering problems in a cost
f)ffective manner.29,30 Most of the present work was done 
on the Intel iPSC/860 and Touchstone Delta computers of 
the Concurrent Supercomputing Consortium, although the 
Mark Infp hypercubes of the Caltech Concurrent Super
computing Facility were used for some smaller calcula
tions. 

In our implementation of the SMC method, the scat
tering wave function is represented entirely within an L 2 

basis of spin-adapted configurations of molecular orbitals 
expanded in Cartesian Gaussian functions. Several Carte
sian Gaussian basis sets were considered in the present 
work in order to gauge convergence. These basis sets 
ranged in size from 61 to 91 contracted functions. As in & 

our earlier study,' we used a basis of 61 contracted Gaus
sians to describe the target states. This basis was obtained 
by adding two s functions (exponents 0.046 and 0.023), 
one p function (exponent 0.046), and three d functions 
(exponents 3.2,0.8, and 0.2) to Dunning's31 5s3p C basis 
and one p Gaussian (exponent 1.0) to Dunning's 3s H 
basis. In addition to the virtual orbitals from this target 
basis, we included six s Gaussians (exponents 2.0, 1.0, 
0.25,0.08,0.01, and 0.005), four p Gaussians (exponents 
0.72,0.2,0.02, and 0.01), and two d Gaussians (exponents 
1.6 and 0.4) to aid in representing the scattering orbitals in 
the two- and three-channel calculations described below. 
The additional Gaussians were Schmidt-orthogonalized to 
the occupied and virtual target orbitals. The same basis 
was used for the seven-channel calculations, except that 

the six additional s Gaussians were omitted; at the two
and three-channel level these functions had little effect on 
the cross sections. Both supplemental Gaussian sets are 
supersets of that used in Ref. 7. 

The ground state of the CH4 target was obtained from 
an SCF calculation and the excited states obtained using 
the improved virtual orbital (IVO) method32 at the 
ground-state eqUilibrium geometry. The 3T2 t2 IVO was 
used for both the triplet and the singlet channels. The 
thresholds obtained in this manner are 10.86 eV for the 3T2 
state and 11.24 eV for the li2 state, and the IT2 oscillator 
strength is 0.5065. For comparison, Williams and Pop
pingerl5 obtained energies of 9.97 and 10.24 eV for the 3T2 

and IT 2 states and a IT 2 oscillator strength of 0.393 from 
an equations-of-motion calculation. However, in a single
excitation CI calculation, which is more nearly comparable 
to our IVO calculation, the .same authors obtained 10.55 
and 10.96 eV, respectively, for the 3T2 and IT2 thresholds 
and 0.572 for the IT2 oscillator strength, in closer agree
ment with our IVO results. Experimentally, the 3T2 state is 
placed at 8.8 eV (Ref. 13) and the IT 2 state at 9.65 eV,IO,l1 
although, as discussed in Sec. I, these values do not neces
sarily represent vertical excitation energies. The integrated 
oscillator strength density for 8.55-10.95 eV excitations is 
measured 11 to be 0.277, but how much of this is ascribable 
to the IT2 state and how much IT2 oscillator strength 
density lies above 10.95 eV are not known. 

We examined three channel coupling schemes in the 
course of the present work. In the simplest approximation, 
as in our previous study,7 we included only the ground 
state and one of the three degenerate 3 T 2 or IT 2 compo
nents, for a two-channel calculation. We also conducted 
three-channel studies in which both the triplet and the 
singlet spin states were included for a given T 2 component. 
Finally, we included all three components of both the 3T2 
and the IT 2 states, together with the ground state, in seven
channel calculations. Results obtained from these three 
coupling schemes will be compared below. 

Numerical stability proved to be a critical issue in 
these studies. Previously described techniques4,33 were em
ployed to obtain stable solutions to the linear equations 
associated with the SMC variational principle. Agreement 
among results in several different basis sets leads us to 
believe that the cross sections reported below are well con
verged. 

Since the transition to the IT 2 state is allowed by the 
electric dipole selection rule, it exhibits strong near
forward (large impact parameter) scattering.34 A sensible 
procedure for including this effect in fixed-nuclei calcula
tions,6,35 which we have employed here, is to obtain the low 
partial wave components of the scattering amplitude from 
a high-order theory such as the SMC method, while in
cluding the high partial wave contribution in the Born 
approximation.36,37 The two methods should give similar 
results at intermediate partial waves, so that the final re
sults is more or less independent of the cutoff used for the 
SMC amplitUde. In the present instance, we truncated the 
SMC contribution at 1=5, m=3. Near [=5, the cross sec
tion was insensitive to changing the I cutoff; there was 
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FIG. 1. Integral cross section for electron-impact excitation of the 
(lt2-+3sal) I 3T2 transition in methane. Long dash: two-channel calcu
lation; short dash: three-channel calculation; solid line: seven-channel cal
culation. 

more sensitivity to the m cutoff, but we believe much of 
this sensitivity derives from the inability of the basis set we 
used to represent well contributions from m=4 and 
higher. Those contributions should, however, be well rep
resented in the Born approximation. 

III. RESULTS 

Integral cross sections for the (lt2->3sal) 3T2 and IT2 

excitations are presented in Figs. I and 2, respectively. For 
comparison, each figure contains the results of several dif
ferent calculations. In Fig. 1, we show two-, three-, and 
seven-channel cross sections for the 3 T 2 excitation. Figure 
2 is similar but also includes Born-corrected 1 T 2 values for 
the seven-channel calculation. 

A few interesting points may be noted immediately. 
Comparison of the two- and three-channel results shows 
that the inclusion of singlet-triplet excited-state coupling 
does not have a dramatic effect, the only large change being 
in the tail of the 1 T 2 peak. On the other hand, inclUding 
coupling among all the degenerate 3T2 and IT2 compo
nents greatly decreases the magnitude of the 3 T 2 cross sec
tion except at 30 eV. No such qualitative effect is seen for 
the IT2 integral cross section, although, as described be
low, there are significant changes in the IT2 differential 
cross section. 

The effect of including high partial wave scattering, 
through the Born-correction procedure, for the dipole
allowed (lt2->3sal) IT2 transition is seen in Fig. 2 to be 
quite small below 20 eV, reflecting both the suppression of 
the Born-dipole scattering by its log[(k+k')/I (k-k') IJ 
dependence near threshold (k' ->0) and also the strength 
of short-range, low-partial-wave interactions at low energy. 
At higher energies, however, the uncorrected IT2 cross 
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FIG. 2. As in Fig. 1, for the (lt2-->3sal) IlT2 transition, except that 
seven-channel results including the Born correction are shown (solid line 
with circles). 

section drops off rapidly, while the dipole contribution be
comes quite substantial. Indeed, most of the IT2 cross sec
tion at 30 eV is due to the dipole component. 

Differential cross sections at selected energies are 
shown in Figs. 3 and 4 for the 3 T 2 and 1 T 2 states, respec
tively. As for the integral cross sections of Figs. 1 and 2, 
two-, three-, and seven-channel results are shown, includ
ing Born-corrected seven-channel results in Fig. 4. Look-
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FIG. 3. Differential cross sections for the 1 3T2 exCitation of methane, at 
(a) 12.5 eV, (b) 15 eV, Cc) 20 eV, and Cd) 30 eV impact energy. Long 
dash: two-channel calculation; short dash: three-channel calculation; solid 
line: seven-channel calculation. 
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FIG. 4. As in Fig. 3 for the I IT2 excitation, except that seven-channel 
results including the Born correction are shown (solid line with circles). 

ing first at the 3T2 transition, Fig. 3, we see that the seven
channel cross section, though reduced in magnitude, is 
qualitatively similar to the two- and three-channel cross 
sections. The scattering is fairly isotropic near threshold 
and becomes forward peaked at higher energy [Figs. 3 (c) 
and 3(d)]. The latter behavior is somewhat unusual, since 
backward-peaked differential cross sections are normally 
associated with singlet-to-triplet excitation at these ener
gies. At 15 eV, near the maximum in the integral cross 
section, the differential cross section has an undulatory 
form, with a maximum and a minimum at intermediate 
angles. For the seven-channel calculation, these fall at 
about 50° and 130·, respectively. This behavior may reflect 
the contribution of a resonant scattering mechanism; how
ever, the width of the peak in the 3T2 cross section suggests 
that any core-excited shape resonance that might exist is 
short-lived. 

Whereas the seven-channel 3T2 differential cross sec
tion was qualitatively similar to the two- and three-channel 
results, though different in magnitude, the seven-channel 
tT2 differential cross section, Fig. 4, though of comparable 
magnitude, differs qualitatively from the singlet cross sec
tions obtained in the two- and three-channel calculations. 
In fact, a comparison of Figs. 3 and 4 shows that in the 
seven-channel calculation, the tT2 differential cross section 
(before the Born-dipole correction is added) has become 
quite similar to that of the 3T2 excitation. 

In Fig. 5, we compare our summed tT2 and 3T2 dif
ferential cross sections at 20 and 30 eV with the differential 
cross sections measured by Vuskovic and Trajmar.24 For 
the purposes of this comparison we have summed the latter 
results for energy losses of 7.5-9 and 9-10.5 eV. The latter 
range may include contributions from higher-lying elec
tronic states, and conversely, the 1 3T2 and llT2 state may 
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FIG. 5. Differential cross sections for electron-impact excitation of meth
ane. Solid lines: summed 1 3T2 and I tT2 seven-channel cross sections; 
circles: summed measurements of Ref. 24 for energy losses of 7.5 to 10.5 
eV. 

contribute to scattering at higher energy losses than 10.5 
eV. As seen from the figure, the shapes of the experimental 
and theoretical cross sections are similar at intermediate 
angles, but the theoretical result is larger in magnitude. 
The disagreement at small angles may be ascribed to the 
contribution of other dipole-allowed excitations to the 
measurement. 

In Fig. 6, we show our summed t T 2 and 3 T 2 integral 
cross sections along with the measured CH2 production 
cross section of Nakano et al. 25 Also shown are the integral 
excitation cross sections at 20 and 30 eV for 7.5-10.5 eV 
energy loss.24 As in Fig. 5, some caution is necessary in 
making the comparisons. Although, as noted earlier, CH2 
is probably the primary dissociation product c;>f ( 1t2 -> 3sa 1) 
t,3T2 excitation, some CH3 may also be produced, and of 
course other processes than (1 t2 -> 3sa 1) excitation will lead 
to CH2 production. Assuming dissociation of the 
(lt2->3sat) t,3T2 states to CH3 is negligible, the CH2 cross 
section should form an upper bound to the (lt2->3sal) 
cross section. As seen in Fig. 6, our cross section and the 
CH2 cross section are of comparable magnitude, and the 
(It2->3sal) t,3T2 cross section does lie below the CH2 cross 
section at most energies, though the peak near 15 eV ap
pears to be too high. Our t,3T2 cross section and the CH2 
cross section are both much larger than the 7.5-10.5 eV 
energy loss integral cross section at 20 eV, but are in fair 
agreement with it at 30 e V. 
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IV. DISCUSSION AND CONCLUSION 

As discussed earlier, several factors complicate the 
study of electron impact excitation cross sections in meth
ane. Among these are the dissociative character of the ex
cited states, the close spacing of thresholds, and the fact 
that vertical excitations reach strongly repulsive parts of 
the upper potential energy surfaces. It is therefore difficult 
to determine the origin of observed differences between 
theoretical results and the limited experimental data avail
able. However, a few general observations can be made. 
First of all, the large changes in the triplet integral cross 
section and in the singlet differential cross sections on go
ing from two- or three-channel coupling to seven-channel 
coupling suggest that further studies, in which still more 
elaborate coupling schemes are employed, will be necessary 
before we can be confident that convergence with respect 
to channel coupling has been achieved. In particular, it 
would be useful to look at the effect on the (1t2 ... 3saj) 
1,3T2 cross sections of including (lt2 .... 3pt2 ) channels in the 
calculation, since the thresholds for the various channels 
arising from this configuration are nearby. These states are 
of course interesting in their own right and might be ex
pected to make large contributions to the neutral dissoci
ation cross sections. 

Other limitations of the present calculations may also 
affect the comparison with experiment. Most obviously, it 
would be helpful to study the excitation process as a func
tion of nuclear geometry, since the excited state character 
changes rapidly as the nuclei move toward dissocia
tion. I6-18 It should also be mentioned that the dipole scat
tering contribution to the singlet cross section is sensitive 
to the oscillator strength of the excitation. Since the oscil
lator strength we obtain seems rather high in comparison 

to more elaborate calculations 15 and to experiment, 10 a bet
ter representation of the singlet excited state might be ex
pected to lead to some reduction in the cross section. 

In spite of the limitations noted above, the present 
calculation is useful in elucidating the potential sensitivity 
of the cross sections for these Rydberg excitations to cou
pling among excited states, and does in fact provide a rea
sonable estimate of the CH2 fragment cross section. Such 
estimates may be useful for other molecular systems in 
which experimental data are lacking . 
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