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We report inelastic and superelastic excitation function measurements for electron scattering from the
ground vibrational quantum (000), the bending vibrational quantum (010) and the unresolved first
bending overtone (020) and symmetric stretch (100) modes of the ground-electronic state in hot
(700 K) carbon dioxide (CO2) molecules. The incident electron energy range of these measurements
was 1–9 eV, with the relevant excitation functions being measured at the respective electron scattering
angles of 30�, 60�, 90� and 120�. Where possible comparison is made to the often quite limited earlier
data, with satisfactory agreement typically being found to within the cited experimental errors.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

While there have been several investigations, both experimen-
tal [1–4] and theoretical [5–7] (and references therein), into elec-
tron impact excitation of room temperature CO2, where the
predominant scattering occurs from the ground vibrational quan-
tum (000) of the ground-electronic state (1Rþg ), studies into elec-
tron scattering from hot CO2 are still quite limited. We believe
that the first quantitative experiment to study low-energy electron
scattering from vibrationally excited CO2 molecules was by Buck-
man et al. [8], in which total cross sections (TCSs) as a function
of temperature were determined using a linear attenuation time-
of-flight (TOF) spectrometer. In that work Buckman et al. observed
a substantial increase in the TCS at electron energies below 2 eV,
which they attributed to enhanced scattering due to the electric di-
pole moment of the bending (010) mode. No significant change in
the TCS was observed at higher energies. Ferch et al. [9] repeated
the experiment of Buckman et al., also using a TOF spectrometer,
and confirmed the earlier result of direct dipole scattering but also
found, in contrast, a pronounced change (increase) in the TCS at
energies from about 3 to 5 eV, where the 2Pu resonant state of
CO2 is formed. The resonance contribution from the vibrationally
excited (hot) molecules, again mainly in the (010) mode, was also
observed to shift to lower energies, compared to the ground-state
case, by about 0.3 eV. This point is important and is used later in
our analysis. More recently, Strakeljahn et al. [10] confirmed the
results from Ferch et al.

With respect to angular distribution measurements for electron
scattering from hot CO2, we are aware of only the data from John-
ll rights reserved.
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stone et al. [11], at an impact energy of 4 eV and scattering angle of
30�, and the somewhat more extensive results from Johnstone
et al. [12], now at 3.8 eV but for the scattered electron angles
20�, 30�, 40�, 60� and 80�. These latter results obtained the first
inelastic cross sections for scattering from the (010)*1 ?
(020)(100) modes and for superelastic scattering of the (010)*
mode to the ground-state (000) level. Nonetheless the available
data in the literature remains quite limited. Indeed part of the
rationale for the present study was to try to significantly extend
the superelastic and inelastic vibrational cross sections that are
available. This is not only important for providing benchmark data
against which sophisticated theoretical calculations can be com-
pared, but is also vital when trying to study the role of electron-dri-
ven processes on Venus and Mars where CO2 is one of the two
dominant atmospheric species [13].

In the next section of this Letter we describe our apparatus,
measurement procedure and analysis techniques. Thereafter, in
Section 3, are presented our results and a discussion of these re-
sults. Finally, some conclusions from this investigation are pro-
vided in Section 4.
2. Experimental and analysis details

The electron scattering apparatus has been described many
times previously [1], and as a consequence we do not repeat all
those details again here. Briefly, however, electrons from a 180�

spherical monochromator intercept an effusive molecular beam
of hot CO2 by employing a crossed-beam system. Scattered elec-
trons are subsequently energy analyzed in a second 180� spherical
system. In order to reduce possible variations of the electron-beam
1 * Indicates scattering from an excited vibrational mode of the CO2 molecule.
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Fig. 1. Typical EELS spectrum of CO2 at an impact energy of 3.5 eV and a scattering
angle of 90� . The temperature of the CO2 beam was 700 K.

Table 1
Population fractions, determined from a standard Boltzmann distribution [25], of the
vibrational modes in the initial electronic-state of CO2

Vibrational mode Energy
(meV)

Population fractions
(%)

300 K 550 K 750 K

(000) 0.00 91.8632 66.4394 49.8724
(011 0) 82.75 7.4819 23.1840 27.7222
(020 0) 159.37 0.1931 2.3018 4.2357
(022 0) 165.54 0.3042 4.0416 7.7001
(100 0) 172.11 0.1180 1.7592 3.4779
(031 0) 239.59 0.0173 0.8472 2.4485
(033 0) 248.38 0.0123 0.7038 2.1371
(111 0) 257.50 0.0087 0.5806 1.8558
(000 1) 291.26 0.0012 0.1424 0.5504

The energies of the respective modes are taken from Ref. [12].
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current with different gases, all of the electron spectrometer is en-
closed in separate casings and pumped differentially. The present
vibrational excitation function experiments were performed with
an overall energy resolution of about 30 meV, and with an incident
current of the order of a few nA in the impact-energy range from
1 eV to 9 eV. The entire electron optics have been designed by
beam tracing methods and they use computer controlled voltages
which follow the energy sweeps, in order to keep the transmission
constant. As noted later in this section the absolute scale has been
placed by the relative flow method, corrected further for the effect
of the target gas temperature on the gas flux by using J / P=

ffiffiffi

T
p

,
where J is the gas flux, P the target gas pressure and T the temper-
ature of the target gas. The impact-energy scale was calibrated
against the He resonance at 19.367 eV, as well as the 2Pg reso-
nance of N2 (m ¼ 1) at 0.97 eV [14]. We believe this is accurate to
�10 meV.

The CO2 gas is heated using a cylindrical cell made of solid Cu,
which incorporates a 4 mm long nozzle of 0.6 mm diameter. The
cell itself has an internal diameter of 10 mm and a length of
12 mm, with a quartz fibre. The cell is heated by wrapping a resis-
tive coaxial sheath wire around it, and can reach temperatures up
to about 850 K. A magnetic shield, placed around the cell, prevents
the field generated by the heater, around which there is wrapped a
water flowing pipe that can cool as an outer jacket, from penetrat-
ing into the interaction region. A thermocouple was set in a small
hole on the cell, and can serve to monitor the cell temperature.
From our previous experiment [15] to produce a gas phase C60

beam, it has been confirmed that the gas temperature of the cell
can be estimated approximately to be the same as that for the
CO2 beam at the collision centre (�1.5–2 mm from the cell nozzle
exit).

A typical energy loss (gain) spectrum, taken at 700 K with an
incident electron energy of 3.5 eV and a scattered electron angle
of 90�, is shown in Fig. 1. As can be seen the peaks labelled 1 and
2 are both quite well-resolved from the elastic peak which, given
our energy resolution of �30 meV and the vibrational spectroscopy
of CO2 as summarised in Table 1, is the anticipated result. Peak 1
contains superelastic contributions from the (010)*–(000) and
(020)*(100)*–(010)* transitions, while peak 2 originates from
the inelastic (000)–(010) and (010)*–(020)(100) transitions.
The fact that these respective transitions in peaks 1 and 2 are not
immediately resolvable in our energy loss (gain) spectra, owes a
lot to the very harmonic nature of the vibrational modes in CO2

(see Table 1). The experimental procedure is therefore as follows.
The energy gain (loss) is set on the appropriate value for either
peak 1 (2) and the number of true scattered counts is recorded
on a multichannel analyser (MCA) as a function of incident electron
energy ðE0Þ, at a given electron scattering angle ðhÞ. Great care must
be taken during these measurements to ensure that no instrumen-
tal distortion of the measured (unresolved) excitation functions oc-
cur at each h [16,17]. The absolute scale is now set using the
relative flow technique [18] with helium and its well-established
cross sections [19] as the standard gas. The result of this process
is therefore, at each h, an unresolved absolute excitation function
for the (010)*–(000)+(020)*(100)*–(010)* superelastic transi-
tions and an unresolved absolute excitation function for the
(000)–(010)+(010)*–(020)(100) inelastic transitions. In each
case, we now attempt to uniquely deconvolve their respective con-
tributions to peaks 1 and 2 by using the following assumptions in
conjunction with a least squares fit [20] procedure:

(1) In the deconvolution of peak 2 we, consistent with the
results of Ferch et al. [9] and Strakeljahn et al. [10], insist
that the maximum in the (010)*–(020)(100) excitation
function occurs at an energy 0.3 eV lower than that for the
(000)–(010) excitation function.
(2) In the deconvolution of both peaks 1 and 2, in all relevant
cases, we assume that the Principle of Detailed Balance
(Fowler [21]) holds. For instance, in the case of the bending
mode this means that the condition:
g0r01ðE0; hÞ ¼ g1r10ðE0 � DEv; hÞ ð1Þ
must be maintained in the deconvolution process. Note that
in Eq. (1) above g is the degeneracy, DEv is the energy of the
vibrational quantum excited, r01 is shorthand notation for
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the inelastic cross section for the (000)–(010) transition,
while r1 0 denotes the superelastic cross section for the
(010)*–(000) transition. Further note that Johnstone et al.
[12] looked at the validity of the Principle of Detailed Balance
in their study, and found that it held to within their experi-
mental uncertainty. We thus believe it is also reasonable to
apply it in our analysis.

In Figs. 2 and 3 we therefore show the absolute excitation func-
tion results from this process, at each measured h ¼ 30�, 60�, 90�,
and 120�, for the (000)–(010), (010)*–(020)(100), (010)*–(000)
and (020)*(100)*–(010)* transitions. The overall errors on these
excitation functions are in the range 20–70% and include contribu-
tions from the statistical accuracy of the data, an uncertainty in
our experimental calibration procedures including our normalisa-
tion to set the absolute scale, and an uncertainty reflecting the
uniqueness of our least squares fit deconvolutions. In the latter case
this uncertainty is greater for the deconvolution of peak 1 vis-à-vis
peak 2, as there are less constraints on the fitting of the components
in peak 1.

Where possible, the present excitation functions are compared
and discussed against corresponding earlier results in the next sec-
tion. Here we simply highlight that as the method of Johnstone
et al. [12], in deriving their cross sections, was very different to
the present, such a comparison affords a potentially valuable cross
check for both the present and earlier approaches employed.
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Fig. 2. Vibrational excitation functions for the inelastic (000) ? (010) and (010)* ? (0
transitions of CO2 at impact energies of 1–9 eV and at scattering angles of (a) 30� and
dependence. See also legend for further details.
3. Results and discussion

It is clear from Figs. 2 and 3 that the 2Pu resonance plays a sig-
nificant role in enhancing the measured cross sections for all the
excitation functions measured as a part of this study. It is also clear
that there are no detailed theoretical calculations against which we
can compare the present excitation functions. The only exception
to this is the work of Takekawa and Itikawa [7] for the (000)–
(010) transition. However, as that work predicts the resonance
peak to occur at an energy �1:2 eV higher than the accepted value,
we do not plot its results here. It would for instance be particularly
interesting if McCurdy et al. [6] were to extend their very sophisti-
cated calculations for the Fermi dyad, to the present transitions.
Having made these general observations, we now frame the dis-
cussion that follows by considering each of the inelastic and super-
elastic transitions in turn.

Let us begin our discussion by considering the relatively well-
studied (000)–(010) inelastic transition, with the present excita-
tion functions at 30� and 60� being given in Fig. 2a and b and our
excitation functions at 90� and 120� being found in Fig. 3a and b.
Also plotted in these figures, where possible, are earlier data from
Antoni et al. [22], Register et al. [23] and Johnstone et al. [12]. Note
that to ensure these plots did not get ‘too busy’, the previous re-
sults for (000)–(010) from our group [1] are not plotted on these
figures. Further note that the cross sections (elastic, inelastic and
superelastic) plotted in Fig. 3 of Johnstone et al. [12] were put on
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Fig. 3. Vibrational excitation functions for the inelastic (000) ? (010) and (010)* ? (020)(100) transitions and (010)* ? (000) and (020)*(100)* ? (010)* superelastic
transitions of CO2 at impact energies of 1–9 eV and at scattering angles of (a) 90� and (b) 120� . In each case the solid line simply serves to highlight the observed energy
dependence. See also legend for further details.
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an absolute scale by using the elastic CO2 data from Gibson et al.
[24]. This applies to all the excitation functions we discuss in this
section, not just for the (000)–(010) case. Finally we note that
the uncertainty on the present (000)–(010) excitation functions
are typically �20%. Considering Figs. 2 and 3 in more detail, then
it is apparent that irrespective of the scattering angle good agree-
ment, to within the cited uncertainties, is found between the pres-
ent (000)–(010) excitation functions and the (010) differential
cross section data taken from the earlier measurements
[12,22,23]. Although not shown, the present (000)–(010) excita-
tion function is also in excellent accord with the corresponding re-
sults from Kitajima et al. [1]. Together these observations give us
confidence in both the apparatus calibration procedures we
adopted for the current work and in the spectral deconvolutions
of peak 2 in Fig. 1 that we performed.

The second inelastic transition we can consider is for the pro-
cess (010)*–(020)(100). Such an excitation function measure-
ment is only possible here because (see Table 1) at 750 K the hot
CO2 beam consists of about 28% in the (010)* state. Note that in
this case the uncertainty on the present (010)*–(020)(100) data
in Figs. 2 and 3 is typically � 30%. Further note that here only a
very limited comparison can be made between our results and
those from Johnstone et al. [12] at one energy and for the scatter-
ing angles 30� and 60�. At 30� the datum point of Johnstone et al. is
in very good agreement with the present result, however, at 60�

the Johnstone et al. cross section is somewhat larger than the cur-
rent one. Nonetheless when the error bars on the respective mea-
surements are taken into account we would characterise the
overall level of agreement between them at 60� to be quite fair,
with their error bars certainly overlapping.

We now examine our results for the superelastic scattering pro-
cesses considered in this investigation, initially starting with the
excitation function for the (010)*–(000) process. Again we are
limited in our discussion here to comparing against the earlier re-
sults from Johnstone et al. [12] at 30� and 60�. In this case the data
from Johnstone et al., at both 30� and 60�, are found to have some-
what smaller cross sections than those determined from the pres-
ent study. Nonetheless, similar to the inelastic case just described,
the error bars on both sets of data would still overlap in each case,
so that the overall level of agreement between ourselves and John-
stone et al. for the (010)*–(000) transition is fair. We believe this
is an important result, as we now have two processes ( (010)*–
(020)(100) and (010)*–(000) ) for which the cross sections deter-
mined in two rather different approaches are largely consistent.
This gives us further confidence in the validity of both the present
data and that from Johnstone et al. [12] for those transitions. Note
that the typical uncertainty on our (010)*–(000) excitation func-
tions is �25%. Considering Figs. 2 and 3 in more detail, specifically
concentrating on the magnitude of the cross sections at each h at
the resonance peak, we find that our cross section maxima in-
creases steadily in value up to h ¼ 90� and thereafter falls off again.
For a 2Pu resonance in a linear molecule, with ‘ ¼ 1 being the
strongest partial wave, at first glance this behaviour might naively
appear to be a little anomalous (as P1ðcos hÞ ¼ cosðhÞ ¼ 0 at
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h ¼ 90�). However, as McCurdy et al. [6] noted, upon bending the
2Pu resonance splits into two non-degenerate components of 2A1

and 2B1 symmetry, so that the angular dependence of the cross sec-
tion (see Eq. (45) in McCurdy et al.) depends on some amplitude
terms weighted by a cos 2h dependence. Hence the terms at
h ¼ 90� do not vanish in the more complete model when CO2 bend-
ing is accounted for, and thus our observed angular dependence of
the cross section maxima in the (010)*–(000) superelastic transi-
tion is not in fact anomalous.

The final superelastic process we consider in this study is for the
(020)*(100)*–(010)* transition. In this case the data is original,
there having been no other measurements for its cross sections.
Note that our typical estimated uncertainty on the excitation func-
tions in Figs. 2 and 3 is�70% for this process, at least in part reflect-
ing the fact that even at 750 K the unresolved (020 0), (022 0) and
(100) modes constitute only �15% (see Table 1) of the hot CO2

beam. It is clear from Figs. 2 and 3 that all the excitation functions
for the (020)*(100)*–(010)* process have the same qualitative en-
ergy dependence as those already discussed, although the scatter in
the measured data is much more prevalent in this case.
4. Conclusions

We have reported absolute excitation functions for the (000)–
(010) and (010)*–(020)(100) inelastic and (010)*–(000) and
(020)*(100)*–(010)* superelastic transitions for electron scatter-
ing from hot CO2. To accomplish this a novel deconvolution proce-
dure was applied to the measured energy loss/gain spectra, at each
of the electron scattering angles 30�, 60�, 90� and 120�. This proce-
dure, involving a 0.3 eV shift in the resonance peak of the excita-
tion functions to lower energies where appropriate and applying
the principle of detailed balance, suggests a new methodology to
determine reliable cross sections for scattering from vibrationally
excited species. We note that the present excitation functions sig-
nificantly extend our knowledge of the cross sections for the above
processes. Where a comparison with previous data was possible
generally fair agreement was found to within the measurement
uncertainties, thereby giving us confidence in both our instrumen-
tal calibration procedures and in the validity of the data we have
reported. We hope that the present measurements will now stim-
ulate theory to investigate the processes we have studied in more
detail, with only the calculation from Takekawa and Itikawa [7] for
the inelastic (000)–(010) excitation currently being known to us.
Finally we believe that the branching ratio between the resonant
vibrational excitation cross sections for ground-state and hot CO2
scattering, which are the most effective processes for the thermali-
sation of lower energy electrons, provides important information
for the modelling of upper atmospheric phenomena.
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