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Low-energy electron collisions with tetrafluoroethene, C 2F4

C. Winstead and V. McKoy
A. A. Noyes Laboratory of Chemical Physics, California Institute of Technology, Pasadena, California 91125

~Received 16 April 2001; accepted 31 October 2001!

We report calculated cross sections for elastic and inelastic collisions of low-energy electrons with
tetrafluoroethene, C2F4 . The elastic cross section shows a number of resonance features, which we
classify according to symmetry and analyze in relation to available experimental data.
Electron-impact excitation cross sections are obtained for the 13B1u (T) and 11B1u (V) states
arising from thep→p* transition, as well as for eight other low-lying excited states arising from
excitations out of the highest occupied molecular orbital. As expected, theT andV states make the
largest individual contributions to electron-impact excitation at low energies; however, the other
states are shown to contribute significantly to the total excitation cross section at impact energies
from 10 to 25 eV. ©2002 American Institute of Physics.@DOI: 10.1063/1.1429649#

I. INTRODUCTION

Tetrafluoroethene~tetrafluoroethylene, perfluoroethyl-
ene, C2F4! has attracted interest as a feed gas in plasma
etching of silicon dioxide1,2 and is also formed within plas-
mas by dissociation of another common feed gas used for
oxide etching, octafluorocyclobutane (c-C4F8).3 Detailed
understanding of the complex physical and chemical pro-
cesses within a plasma reactor requires data describing the
important collisional and reactive processes occurring both
within the plasma and at the semiconductor surface. Among
the many processes of interest, elastic and inelastic collisions
between electrons and molecules of feed gas are particularly
important, because such collisions are the principal mecha-
nism of energy deposition, with the electrons serving to
couple the applied fields to the internal and translational
modes of the heavy particles and, simultaneously, to create
reactive species. Electron collisions with C2F4 are also of
considerable fundamental interest. C2F4 is the perfluoro ana-
logue of the much-studied ethene molecule, and past studies
have often considered C2F4 as a member of the fluoroethene
series C2HxF42x . C2F4 is moreover significant as one of the
simplest of the perfluorocarbons, which as a group have re-
ceived considerable recent attention.

However, surprisingly little work, experimental or theo-
retical, has yet been done on electron collisions with C2F4 .
Electron-impact ionization, including ionic fragmentation,
has been studied by Mohleret al.,4 by Lifshitz and Long,5–8

and most recently by Haaland and Jiao,9 who, in contrast to
the earlier studies, determined absolute ionization cross sec-
tions over a wide energy range. Dissociative attachment was
studied by Morrison,10 by Thynne and MacNeil,11 by Heni
et al.,12 and by Illenbergeret al.13 Dissociative attachment
can give valuable insight into the existence and location of
scattering resonances, although resonance peaks seen in at-
tachment will typically be shifted lower in energy, due to
lifetime effects, compared to the same resonances in the elas-
tic or total scattering cross sections.14 A direct search for
resonances in the C2F4 cross section was undertaken by Chiu
et al.15 using electron transmission spectroscopy; their tech-

nique measures the derivative of the total cross section,
rather than the cross section itself, and is thus sensitive to
rapid variations with energy caused by sharp resonances
~though it may fail to see weak or broad features!. Coggiola
et al.16 measured the excitation threshold energies for several
states and obtained relative differential cross sections for
elastic scattering and for two excitation processes at 25 and
40 eV. Their limited data appear to be the only elastic or
electron-impact excitation cross sections for C2F4 available
to date. At energies of 30–3000 eV, Jianget al.17 computed
total cross sections for electron–C2F4 scattering using simple
models. We are not aware of other theoretical cross sections.

In the present work, we report differential, integral, and
momentum-transfer cross sections for elastic scattering of
low-energy electrons by C2F4 , as well as differential and
integral cross sections for 10 electron-impact excitation
channels, all computed using the Schwinger multichannel
~SMC! variational method.18,19 As in C2H4 , the p→p* ex-
citations involving the highest occupied and lowest unoccu-
pied molecular orbitals, producing theT ~triplet! andV ~sin-
glet! states of Mulliken, are of particular interest and make
the greatest contributions to the neutral-excitation cross sec-
tion; however, we find that other low-lying excitation pro-
cesses make, in aggregate, a significant contribution to the
total excitation cross section over a certain energy range. We
examine the resonance structure in the cross sections and
relate our work to previous studies.

A summary account of the integral cross sections ob-
tained from the present work is given elsewhere.20

II. COMPUTATIONAL DETAILS

The collision calculations were carried out using the
Schwinger multichannel~SMC! variational method18,19 as
implemented for parallel computers.21,22 Details may be
found in the references cited. Here we describe only the fea-
tures particular to the present calculations.

We will use Mulliken’s convention23 for associating or-
bitals of C2F4 with irreducible representations ofD2h . Ac-
cordingly, the highest occupied molecular orbital~the C–Cp
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bonding orbital! is labeled 1b3u , while the lowest unoccu-
pied ~p* ! orbital is 1b2g . The T and V states that are of
primary interest are therefore (1b3u→1b2g) 1 3B1u and
(1b3u→1b2g) 1 1B1u , respectively. To identify additional
excitations of interest, we performed a single-excitation
configuration–interaction ~SECI! calculation using
GAUSSIAN24 and its internal 6-3111G(3d) basis set. Results
of this calculation are shown in Table I. We choose to carry
out electron collision calculations for the eight states besides
the T state that have thresholds below theV state threshold:
the 11,3B1g , 1 1,3B3u , 1 1,3B2g , and 11,3Ag states. Like theT
and theV states, each of these states arises, in a one-electron
picture, from excitation out of the 1b3u orbital. As shown in
Table I, of all the states considered, only theV state has a
large optical oscillator strength; indeed, all but one of the
other singlet transitions~and, of course, all of the triplet tran-
sitions! are forbidden by dipole selection rules.

All calculations were carried out at the experimental
nuclear geometry of the ground electronic state.25 For the
elastic calculations, the 6-3111G(3d) basis set internal to
GAMESS,26 with default splitting factors for thed functions,
was used to construct the target wave functions. The same
basis set was used for calculating the excitation cross sec-
tions of theT andV states. For comparison purposes, we also
computed elastic,T state, andV state cross sections using the
internal triple-zeta valence~TZV! basis set ofGAMESS to-
gether with one diffuses, one diffusep, and twod functions,
again with default splitting factors; we will refer to this as
the TZV1(2d) basis set. Because bothGAMESSand theSMC

program retain all six Cartesian components of thed func-
tions, the total number of one-electron basis functions was
210 in the 6-3111G(3d) basis set and 180 in the TZV
1(2d) basis set. We found only minor differences between
the TZV1(2d) and 6-3111G(3d) results: The elastic and
V state cross sections at higher energies were somewhat
larger using the 6-3111G(3d) basis, while peaks in the
cross section for theT state at lower energies were somewhat
stronger using the TZV1(2d) basis. Because of the close
agreement between the two sets of results, we used the
smaller TZV1(2d) basis set to compute cross sections for
the remaining excitations. The doublet configuration state
functions making up the variational basis sets in the scatter-
ing calculations were formed within the respective one-

electron bases by combining singlet and triplet target states
with virtual molecular orbitals.

The ground state of C2F4 was described by a self-
consistent-field~SCF! wave function, while excited states
were described within the improved virtual orbital~IVO!
approximation,27 a restricted form of SECI in which excita-
tion takes place out of only one orbital, permitting a single-
configuration description of the excited state. For purposes of
the scattering calculations, the same target wave function
was used to describe both the singlet and the triplet states
arising from a given one-electron transition. The triplet IVO
wave function was used for all but the 11,3Ag pair of states,
for which generating the singlet IVO was easier due to tech-
nical factors. Examination of the principal configurations in
the corresponding SECI wave functions indicates that con-
sidering the singlet and triplet wave functions to be identical
is a very good approximation for the1,3B1g and 1,3Ag states
and a reasonably good approximation for the remaining pairs
of states. Additional information can be gained by comparing
the SECI transition energies to the IVO transition energies in
Table I. Based on an examination of the IVO orbitals, the
1,3B1u and 1,3B1g states are valencelike, the1,3B3u states of
3s Rydberg character, the1,3B2g states of 3pz Rydberg char-
acter, and the1,3Ag states of 3py Rydberg character.

The elastic cross section was first computed at the static-
exchange level of approximation. Further calculations incor-
porating polarization effects were then carried out for
irreducible representations exhibiting prominent shape reso-
nances, namely,2B1u , 2B2g , and2B2u . A compact descrip-
tion of polarization was obtained by considering only
symmetry-preserving virtual excitations in the presence of a
resonancelike orbital, as described elsewhere;28 for the 2B1u

representation, which exhibits two shape resonances, we em-
ployed two such resonancelike orbitals. In the totally sym-
metric2Ag representation, the static-exchange approximation
produces, as usual, a spuriouss-wave enhancement of the
cross section at the lowest energies. Redressing this behavior
requires a highly accurate treatment of polarization, which
can be computationally expensive, and which we did not
carry out. In order to obtain more realistic cross sections for
plasma-modeling purposes, however, we did make anad hoc
adjustment to the integral cross section by subtracting
24 exp(20.43E1.25)310216cm2 ~E in eV!, which has the
effect of bringing the2Ag component of the integral cross
section smoothly down toward zero. Although this adjust-
ment must fail at the lowest energies~the cross section
should, in fact, be nonzero atE50!, it is reasonable as a first
rough correction because we expect the cross section of
C2F4 , like that of related molecules such as C2H4 ~Ref. 29!
or C2F6 ,30 to reach a small minimum value at an energy&1
eV. Both the adjusted and the unadjusted results inAg sym-
metry will be presented below.

The inelastic cross sections were obtained in a three-
channel approximation, coupling the elastic channel in suc-
cession with the singlet and triplet channels arising from
each different one-electron transition. To obtain results for
theT state below theV state threshold, we also carried out a
two-channel calculation in which the elastic andT-state
channels were open, while theV-state excitation was in-

TABLE I. Calculated properties of the lowest excited states of C2F4 .

State

Energy~eV!
Oscillator strength

~SECI!IVO SECI

1 3B1u (T) 5.03 4.48 0.0
1 3B1g 7.10 6.76 0.0
1 3B3u 7.29 7.17 0.0
1 1B1g 7.83 7.55 0.0
1 1B3u 8.03 7.74 0.0545
1 3B2g 8.83 8.55 0.0
1 3Ag 9.02 8.95 0.0
1 1B2g 9.59 9.21 0.0
1 1Ag 9.22 9.21 0.0
1 1B1u (V) 11.24 9.71 0.6308
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cluded as a closed channel in generating the variational trial
function.

Because excitation of theV state is strongly allowed
under optical selection rules, it is important to include in the
SMC calculation a correction for long-range~high partial
wave! scattering. The procedure, which relies on the first
Born approximation to scattering by a point~transition! di-
pole, has been described elsewhere.31,32 In making this cor-
rection, we employed a transition dipole moment of 1.882
atomic units, computed with theb2g IVO orbital of the
1 3B1u state, and retained partial waves up tol 56, m54
from the SMC calculation.

All collision calculations were carried out on a cluster of
dual-processor Pentium II/300 MHz workstations connected
over a gigabit Ethernet switch, using eight workstations
as a 16-processor virtual parallel computer. Pre- and post-
processing was also done on Pentium II/300 MHz worksta-
tions.

III. RESULTS AND DISCUSSION

A. Elastic scattering

Figure 1 shows the symmetry components of the integral
elastic cross section of C2F4 . As discussed in the preceding
section, the2B1u , 2B2g , and 2B2u components were ob-
tained in the static-exchange plus polarization approxima-
tion, and the remaining components in the static-exchange
approximation. Because polarization is most important at
low energies~roughly, below 10 eV! and in the presence of
resonances, its neglect is not expected to have a significant
effect on the2B1g , 2B3g , 2B3u , or 2Au components, which
are quite small at low energies and do not exhibit strong
resonance features. For the2Ag component, which contains
the contribution of the penetratings-wave to the scattering
amplitude, polarization is quite important at low energies.
For the purpose of forming a more realistic estimate of the
integral cross section, we empirically adjusted the2Ag com-
ponent as described in Sec. II; Fig. 1 shows both the adjusted
and the unadjusted values.

A striking feature in Fig. 1 is the sharp2B2g resonance at
3.61 eV. ~Sharp structures at higher energies in the2B2g

component are artifacts caused by treating as closed channels
excitations that are in fact open channels at those energies.!
This is the well-knownp* shape resonance seen at 3.00
60.05 eV in electron transmission.15 Dissociative attachment
data are summarized in Table II; the strong F2 peak in the
attachment cross section is placed variously at 2.8 to 3.6 eV,
with recent work12,13 giving a position of 3.060.1 eV. It is
important to observe that the extreme narrowness of the cal-
culated resonance~full width at half maximum of 0.052 eV!
is certainly an artifact of the fixed-nuclei approximation,
both because the position of the resonance is expected to be
sensitive to changes in molecular geometry and, more fun-
damentally, because the implied lifetime is greater than the
vibrational period of several normal modes of C2F4 . What
we would expect to observe, therefore, is strong vibrational
excitation via the resonance, with the vibrationally summed,
electronically elastic cross section showing a broader feature
with a smaller peak value.

The C2F4
2 ion is known to be stable, and experimental

evidence points to a nonplanar structure.33 Calculations34–36

indicate that the lowest-energy conformation of the anion is
the anti or ‘‘chair’’ structure of C2h symmetry, with the two
F atoms attached to one carbon bent downward from the
plane of the neutral molecule while those attached to the
other carbon are bent upward. The2B2g resonance state can
be expected to deform toward this structure, and one would
thus expect the corresponding normal mode of C2F4 to be
strongly excited. That the stable conformation of the anion is
considerably distorted from the equilibrium geometry of the
neutral may cause a downward shift in the observed reso-
nance energy, helping to explain the;0.6 eV difference be-
tween our calculated resonance position and the position ob-
served by Chiuet al.15 Some of the difference may also be
due to polarization effects not being fully represented in the
model used, although that model has given good results in
other cases.28,37 Regardless of the precise location of the
resonance, it is clearly much higher than 1.8 eV, which is the
position of thep* resonance in C2H4 . The upward shift of
thep* resonance in the fluoroethenes has been discussed by
Chiu et al.,15 who suggest that shortening of the C–C and
C–F bonds may be principally responsible.

A second strong shape resonance is found in2B2u near
4.6 eV. Unlike the2B2g resonance, the2B2u resonance oc-
curs in the presence of a strong nonresonant background, and

FIG. 1. Symmetry components of the integral elastic cross section for elec-
tron scattering by C2F4 . See text for discussion.

TABLE II. Observed dissociative-attachment maxima in C2F4 .

Energy~eV!

Ref. 10 Ref. 11a Ref. 12 Ref. 13a Anions observedb

2.8 3.6–4.3 3.0 3.0–4.3 F2, CF2
2 , CF3

2 , C2F3
2

4.9–5.4 5.0 F2, F2
2 , C2F3

2

6.0 6.9–7.0 6.4 6.1–6.3 F2, F2
2 , C2F3

2

11.6 11.5–11.9 11.5 11.5–11.9 F2, CF2

aRanges are indicated where the peaks for different species fall at somewhat
different energies.

bNot all anions listed are seen in each measurement. References 10 and 12
detect only F2.

1382 J. Chem. Phys., Vol. 116, No. 4, 22 January 2002 C. Winstead and V. McKoy

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

131.215.248.200 On: Sat, 17 Oct 2015 06:14:36



the rapid eigenphase jump across the resonance profile gives
rise, through interference with that background, to the highly
asymmetric, window-and-peak resonance profile seen in Fig.
1. Employing a cubic polynomial~without a constant term!
to represent the background2B2u cross section from 0–12
eV and a Fano-type profile38 to represent the resonant fea-
ture, we obtain from a nonlinear least-squares fit a resonance
energy of 4.65 eV, a width of 1.16 eV, and a value for Fano’s
q parameter of 0.88. No clear experimental evidence for this
resonance appears to exist. The electron transmission mea-
surements of Chiuet al.15 covered only the energy range
containing the2B2g resonance. As Table II shows, weak fea-
tures are seen nearby in the attachment measurements of
Thynne and MacNeil11 and Illenbergeret al.,13 but the en-
ergy shift appears to be in the wrong direction~i.e., the at-
tachment features lie above the elastic resonance!. Despite
the lack of a clear attachment signal, the resonance is so
pronounced in the calculated cross section that it appears
certain to have a detectable influence on scattering in the
4–5 eV energy range. Measurements of the total, elastic, or
vibrational-excitation cross sections would help to establish
or rule out its presence.

In 2B1u there are two resonances. The first occurs near
7.3 eV and has almost a pure window form, while the second
appears as a fairly symmetric peak centered at about 19.4 eV.
The 7.3 eV resonance may possibly be associated with the
attachment peaks variously reported between 6 and 7 eV
~Table II!.

The remaining shape resonances visible in Fig. 1 occur
at about 12.5 eV in2Ag and at about 20 eV in2B3g . Both are
fairly broad. Because our calculation did not include polar-
ization in either case, the actual resonance energies are likely
to be somewhat lower, though the shift may be small owing
to the relatively high energies and short lifetimes of these
resonances. The2Ag resonance falls quite close in energy to
dissociative attachment peaks that are seen at about 11.5 to
12 eV and appears to be the likely origin of those peaks.

It is instructive to compare the symmetries and energies
of the resonances described above with those of the virtual
valence molecular orbitals of C2F4 . The symmetries of the
virtual orbitals we may of course write down immediately by
associating an antibonding orbital with each bonding orbital.
The energies of the virtual orbitals are less well defined, but
a Hartree–Fock calculation using a minimal basis set will
generally provide useful qualitative information. Table III
shows the results of such a calculation using the STO-6G
minimal basis set internal toGAMESS.26 As may be seen,
there is a one-to-one correspondence between the resonances
described above and antibonding valence orbitals of appro-

priate symmetry. Although the orbital energies are higher
than the resonance positions by as much as 8 eV, the energy
ordering is correct except in the case of the closely spaced
2B1u and2B3g resonances near 20 eV.

Figure 2 shows the integral cross section~ICS! obtained
from the symmetry components of Fig. 1. Also shown in Fig.
2 is the momentum-transfer cross section~MTCS! computed
in the static-exchange approximation. The2B2g resonance is
not fully resolved in the static-exchange MTCS and produces
only a kink in the ICS, in both cases because of the relatively
coarse spacing of points compared to the resonance width.
As discussed above, the directly computed ICS is certainly
too large at low energies, due to the incomplete representa-
tion of polarization, and an adjusted value in which the low-
energy rise is suppressed is also shown in Fig. 2. The ad-
justed ICS should provide a better starting point for
modeling. No experimental values of the ICS or MTCS ap-
pear to be available. The model-based total cross section of
Jianget al.17 is about 50% larger than our computed elastic
cross section from 30 to 50 eV. However, adding the excita-
tion cross sections described below and the measured ioniza-
tion cross section9 to our elastic cross section produces an
estimated total cross section that is only 20% to 25% larger
than the elastic cross section over the same range.

Static-exchange differential cross sections~DCS! at se-
lected energies are shown in Fig. 3. At 25 and 40 eV, we may
compare to the measurements of Coggiolaet al.,16 which we
have placed on an absolute scale by normalizing to our com-
puted DCS at 25 eV and 30°. As may be seen, there is good
qualitative agreement between the experimental and theoret-
ical cross sections, and similar results would have been ob-
tained from normalizing at any other angle except 20°, which
would have raised the normalized values by about 30%. At
40 eV, the normalization we have chosen results in the cal-
culated cross section falling below the experimental points at
most angles, although the agreement at 20° is now fairly
good.

FIG. 2. Integral cross section~ICS! and momentum-transfer cross section
~MTCS! for elastic scattering of electrons by C2F4 . See text for discussion.

TABLE III. Minimal-basis-set~STO-6G! virtual orbitals of C2F4 .

Symmetry Energy~eV! Principal character

b2g 8.0 C–Cp*
b2u 12.4 C–Fs*
b1u 14.9 C–Fs*
ag 16.6 C–Fs*
b3g 23.4 C–Fs*
b1u 25.9 C–Cs*

1383J. Chem. Phys., Vol. 116, No. 4, 22 January 2002 Electron collisions with C2F4

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

131.215.248.200 On: Sat, 17 Oct 2015 06:14:36



B. T and V states

In Fig. 4 we show the integral excitation cross sections
for the T (1 3B1u) and V (1 1B1u) states. As discussed in
Sec. II, theT state cross section below theV state threshold
is obtained from a separate calculation, giving rise to a dis-
continuity at the threshold for theV state. Corresponding
differential cross sections are shown in Figs. 5 and 6, which
also show, at 25 and 40 eV, the measured results of Coggiola
et al.;16 as just discussed, we have normalized their relative
measurements by equating their elastic cross section at 25 eV
and 30° to our ours.

Cross sections for spin-changing transitions typically fall
off rapidly with energy, whereas cross sections for optically
allowed excitations fall off slowly, as log(E)/E. It is thus to
be expected that theV state cross section should be much

larger than theT state cross section at higher energies. How-
ever, as Fig. 4 shows, theV state cross section is consider-
ably larger everywhere except very near theV-state thresh-
old. Comparison of the calculated and measured cross
sections in Figs. 5 and 6 shows that, although there is little
agreement in detail, the order-of-magnitude agreement is rea-
sonably good. There is, moreover, fair qualitative agreement
between the calculated and measured results for theV state
DCS ~Fig. 6!. Both exhibit the expected qualitative behavior
for an optically allowed transition, the cross section display-
ing an increasingly sharp peak in the forward direction as the
impact energy increases. For theT state, the experimental
and calculated results do not agree even qualitatively at 25
eV; agreement is somewhat better at 40 eV, in the sense that
both cross sections are more or less constant over the range
of angles where comparison is possible. The calculated cross
section for theT state shows the backward peaking at higher
impact energies that is typical of singlet–triplet transitions.

FIG. 3. Differential cross section for elastic scattering of electrons by C2F4

at selected energies. Solid line is the present calculation; circles are experi-
mental data of Ref. 16, normalized to the calculated elastic cross section at
25 eV and 30°.

FIG. 4. Calculated integral cross sections for electron-impact excitation of
the 13B1u (T) and 11B1u (V) states of C2F4 .

FIG. 5. Differential cross section for electron-impact excitation of the
1 3B1u (T) state of C2F4 at selected energies. Symbols are as in Fig. 3.

FIG. 6. As in Fig. 5, for the 11B1u (V) state.
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Before considering the possible resonance structure of
the excitation cross sections, it should be emphasized that, as
in the elastic cross section, the positions and widths of reso-
nances are likely to change as the calculations are made more
exact and the channel-coupling schemes expanded. As long
as these limitations are borne in mind, however, symmetry
assignment of features in the calculated cross section may
provide at least a useful starting point in analyzing future
experiments and calculations.

The cross sections for both theT and theV states display
several local maxima. For theT state, the two most pro-
nounced features, those near 8.2 eV and 19 eV, are both due
to the2B1u component of the cross section. A weaker maxi-
mum visible near 15 eV occurs in2B3u . One possible origin
for such peaks is in core-excited shape resonances, that is,
shape resonances formed in the field of the excited electronic
state. From theB1u spatial symmetry of theT state, we can
deduce that the scattered wave associated with a2B1u reso-
nance must beag , while that associated with a2B3u reso-
nance isb2g . A plausible assignment for one of the2B1u

peaks~probably that near 19 eV! is therefore a core-excited
shape resonance involving either the C–Fs* virtual valence
orbital of ag symmetry or the 3s Rydberg orbital. The peak
near threshold is likely to be nonresonant, arising simply
because the symmetry containing thes scattered wave ‘‘turns
on’’ quickly above threshold. The symmetry of the peak near
15 eV is consistent with a core-excited shape resonance of
either (p* )2 or (p* )1(3dyz)

1 type. As will be seen below,
several other channels also display peaks near 15 eV associ-
ated with scattered waves ofb2g symmetry.

The sharp peak at 15 eV in the cross section for theV
state occurs in2B3g symmetry, implying ab2u scattered
wave. The broader peak near 23 eV has approximately equal
contributions from2B3g and2Ag , implying scattered waves
of b2u andb1u symmetry, while another broad peak centered
at about 32 eV contains nearly equal contributions from2Ag

and2B2u , requiring scattered waves ofb1u andb3g symme-
try. There are also broad maxima in2B1u centered near 18
and 25 eV, although these are not clearly visible in the
summedV-state cross section of Fig. 4; these features are
associated withag scattered waves. It is at least suggestive
that the peaks between 23 and 32 eV correspond in number,
general energy order, and scattered-wave symmetry with the
s* valence virtual orbitals~Table III!. If those peaks do in-
deed arise from core-excited resonances involving unoccu-
pied valence orbitals, some other mechanism must account
for the peaks at 15 and 18 eV. The sharp2B3g peak at 15 is
particularly puzzling. An alternative assignment that ac-
counts for it would associate the2B3g and2Ag peaks near 23
eV with 3p Rydberg resonances and the 15 eV peak with the
b2u C–F s* orbital. In either case, it is noteworthy and
somewhat unexpected that no feature associated with ab2g

scattered wave is seen in the cross section for theV state,
given that such features are found in the cross section for the
T state and, as described below, for most other channels stud-
ied as well.

C. Other excited states

Integral excitation cross sections for the remaining eight
states of C2F4 that we studied are presented in Fig. 7. In
almost all cases, the cross sections are small except within
sharp peaks below 25 eV and die away rapidly at higher
energy. The principal exception is the 11B3u excitation, for
which the cross section is smoother and remains relatively
large over a wider energy range. It is almost certainly no
coincidence that the 11B3u transition is the only one among
the eight shown in Fig. 7 that is optically allowed. Indeed,
because we have not included the Born correction described
in Sec. II for this transition as we did for theV state, the
actual 11B3u cross section should be even larger at higher
energies than the uncorrected result shown in Fig. 7.

Decomposing the integral excitation cross sections into
their symmetry components reveals that, in most cases, only
a few components are important, and that, in general, the
same components are important for both the triplet and the
singlet states arising from a given one-electron transition. In
both the 13B1g and the 11B1g cross sections, for example,
the peaks near 15 and 21.5 eV arise from2B3g symmetry,
while the near-threshold scattering is dominated by2B2u .
Likewise, the two most prominent peaks in the 13B2g cross
section, at about 10.5 and 17 eV, are both due to2Ag , and
the same is true for the two strong peaks in the 11B2g cross
section near 12.5 and 16.5 eV. The 13Ag cross section is
somewhat more complicated; the strong maximum near 13
eV is due primarily to2Ag , but 2B1u also contributes signifi-
cantly, while the weaker maximum near 22 eV is due to2B3g

and 2B1u . In the cross section of the corresponding1Ag

state, the lower-energy maximum is dominated by2B1u ,
with a smaller contribution from2Ag , reversing the order
seen in the triplet cross section. The higher-energy maximum
is much larger than in the triplet cross section but, as in the
triplet case, arises from overlapping2B3g and 2B1u peaks,
with 2B3g being stronger.

The 11,3B3u excitations are a partial exception to the
general rule stated in the first sentence of the preceding para-

FIG. 7. Integral cross sections for electron-impact excitation of eight low-
lying electronic states of C2F4 .
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graph. The 13B3u cross section shows sharp peaks at about
10, 14, and 20 eV; the first of these is due to2B3u and, to a
lesser extent,2B1g , while the other two both occur in2B1u .
Only one sharp peak is seen in the 11B3u cross section, at 10
eV; this peak is due primarily to2B1g , which contributes to
the corresponding peak in the triplet cross section, but also to
2Ag . Although small peaks do exist in the2B1u component
of the singlet cross section near 14 and 20 eV, they are ob-
scured by a broad background to which multiple symmetry
components make contributions of comparable size, giving
rise to the broad maximum between 15 and 25 eV.

If we analyze the cross section peaks not in terms of the
overall symmetry of the doublet wave function for the
electron–molecule system but instead in terms of the sym-
metry of the scattered wave, a clearer pattern emerges. In six
of the channels—11,3B1g , 1 1,3B3u , and 11,3B2g—there ex-
ists a pair of peaks for which the scattered wave hasb2g

symmetry, and in four of these channels~1 1,3B1g and
1 1,3B2g! that pair of peaks dominates the cross section. One
possible explanation for this observation is that the pairs of
peaks arise from core-excited shape resonances built on the
p* valence orbital and the 3dyz Rydberg orbital. However, it
is also possible that these are pseudoresonances arising be-
cause theT andV states are not included as open channels in
computing the cross sections of Fig. 7. Larger calculations
with an extended channel-coupling scheme will be required
to clarify the issue. In either case, it is unclear why the
1 1,3Ag cross sections should be exceptional in having no
such marked features associated with ab2g scattered elec-
tron.

If an explanation in terms of core-excited shape reso-
nances is correct, the peaks not accounted for by thep* and
3dyz orbitals may be accounted for by orbitals of appropriate
symmetry. For example, the2B1g feature near threshold in
the 11,3B3u cross sections could arise from theb2u valence
virtual orbital ~Table III!. Again, however, more extensive
calculations would be needed to make definite conclusions.

As noted earlier, our cross sections for theT andV states
are smaller than the reported experimental values,16 assum-
ing ~as seems likely! that no great error has arisen in normal-
izing the latter via the elastic cross section. On the other
hand, one often finds that few-channel calculations overesti-
mate the scattering cross section; to take a pertinent example,
calculated cross sections31,39 for the T andV states of C2H4

were about a factor of 2 larger than measured40 values.
Simulations20,41 indicate that measured swarm parameters
cannot be reproduced unless the total cross section for neu-
tral excitation is larger than the sum of our cross sections for
the T andV states, whereas including the cross sections for
the additional eight states that we have calculated allows the
simulated and measured swarm parameters to be brought
into agreement, within experimental error. Possibly the cal-
culatedT andV cross sections are too low while the remain-
ing calculated cross sections are too high, but it appears at
least as likely that the measuredT andV cross sections are
too large. Clearly there is much room for measurements and
more elaborate calculations to add insight.

IV. SUMMARY

We have reported low-energy electron cross sections for
C2F4 . Elastic cross sections computed within the static-
exchange approximation, with polarization effects included
in some symmetries where they are important. Electron-
impact excitation cross sections were computed for 10 chan-
nels, including theT andV ~p→p* ! states as well as several
other low-lying intravalence and Rydberg transitions. At 25
and 40 eV, differential cross sections for the elastic,T, andV
channels could be compared to experimental data, which
were placed on an absolute scale by a single-point normal-
ization. Good agreement was found for the elastic cross sec-
tions; for both theT and theV states, order-of-magnitude
agreement was found, in addition to fair qualitative agree-
ment for theV state. Although theT and V states are most
important to electron-impact excitation of C2F4 , the remain-
ing eight excitation channels were found to make a signifi-
cant contribution to the total excitation cross section below
25 eV.
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