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Strong mode dependence of the 3.8-eV resonance in CO2 vibrational excitation
by electron impact
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We have made a systematic observation for integrated cross sections that vibrational excitation modes are
found to show quite different energy dependence in the 3.8-eV shape resonance peak in a CO2 molecule. This
feature arises from the different interaction scheme for excitation to each mode, i.e., the weak polarization
interaction for excitation to the symmetric stretching mode, weak dipole interaction to the bending mode, and
strong dipole interaction to the asymmetric stretching mode. The asymmetric stretching shows a sharp increase
in differential cross sections~DCSs! toward small-angle scattering due to the strong dipole interaction, which
washes out resonance features seen at intermediate angles. DCSs for the symmetric and bending modes clearly
show conspicuous features at a wide range of the scattering angle around 3.8-eV shape resonance.

PACS number~s!: 34.50.2s, 34.80.Gs
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The carbon dioxide (CO2) molecule remains one of th
most important molecules for our daily life, planet, and g
axy @1#, and a study to learn a variety of dynamical aspe
of CO2 through photon, electron, or ion impact has still be
very active and constituted an important part of basic phy
and chemistry@1#. Vibrational excitation of the CO2 mol-
ecule, which is the dominant energy-loss process of incid
electrons and ions below about 10 eV, is an important p
cess in applications for atmospheric phenomena, gas
discharge, astrophysics, and others@2#. However, very little
is known of dynamical aspects for the individual vibration
excitation process, i.e., the symmetric stretching~100! mode,
bending~010! mode, and asymmetric stretching~001! mode.
The presence of a strong resonance peak at 3.8 eV has
known and well studied, which was interpreted as due t
Pu shape resonance. And this resonance is also known, w
out much reason, to qualitatively enhance excitation to
symmetric stretching and bending modes, but not much
the asymmetric stretching mode@3#. However, investigations
based on experimental and theoretical means in the past
not been systematic and have used less fine energy po
hence lacking detailed information on dynamics and cr
sections. A precise knowledge of excitation mechanisms
cross sections is essential for laying the basis for very ac
rate spectroscopic measurements and other applied scie
An earlier study on vibrational excitation processes by el
tron and positron impacts in the energy region from 2 to
eV has found a strong mode dependence for vibrational
citation between these two projectiles@4#; and it is extremely
interesting and important to examine if any mode dep
dence can be seen within electron impact only.
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Historically the resonant peak centered specifica
around 3.8 eV has been extensively studied over the ye
and the works relevant to the present study are inclus
Boness and Schulz@5#, Cadezet al. @6#, Currell and Comer
@7#, and more recently Cartwright and Trajmar@8#. Those
measurements for vibrational excitation function by Bone
and Schulz and Casdezet al. could not distinguish the~020!
and~100! modes. For the impact energies above 4 eV, ho
ever, vibrationally inelastic differential cross-section~DCS!
measurements have been limited to only two cases near r
temperature. One was performed by Registeret al. @9# for
scattering angles from 10° to 140° at impact energies o
~only one energy around the resonance regions!, 10, 20, and
50 eV only. The other was by Johnstoneet al. @10# for only
one scattering angle at 20° in the energy region from 1 to
eV. These are important studies, but they have not syst
atically studied the three fundamental modes independen
i.e., they have not fully covered both energy and scatter
angle regions around the resonance.

In this paper, we report a systematic experimental obs
vation of the detailed dynamics for three individual vibr
tional modes treated separately in the energy range from
to 6 eV with scattering angles of 10° to 130° and of t
strong mode dependence in the enhancement from
3.8-eV shape resonance. Theoretical investigations base
the close-coupling and continuum multiple-scattering me
ods were also performed to provide the rationale for th
findings.

The experimental arrangement and procedures used in
present DCS measurements were similar to those in prev
studies@11#. Briefly, electrons from a hemispherical mon
chromator intercept an effusive beam, and then scatte
©2000 The American Physical Society01-1
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electrons are energy analyzed in a second hemispherical
tem. The molecular beam is produced by effusing C2

through a simple nozzle that is heated to a temperatur
about 50 °C to reduce contamination. The analyzer can
rotated around the scattering center covering the ang
range from210° to 130° with respect to the incident ele
tron beam. During the present measurements, overall en
resolutions are about 30 meV full width at half maximu
with care being taken to ensure that the base width of
spectrum is as symmetrical as possible, and angular res
tions are about61.5°, respectively. Thus the energy reso
tion is not sufficient to resolve the rotational excitations a
adjacent vibrational bands~including three fundamenta
modes and their overtones! of ~020! and ~001! as well as of
~030!, ~110!, ~001!, ~040!, and~120!. The spectral decompo
sition similar to that described earlier@12# is also employed.

Briefly, apparatus functions for the fitting are estimat
from the elastic DCS peak of He and are assumed to
Gaussian profiles~equal widths!, which was found to give a
near perfect fit to each energy-loss feature. The incident e
tron energy is calibrated with respect to the 19.3-eV re
nance of He and, for vibrational excitations, to the2Pg reso-
nances of N2. Cross sections were normalized to the elas
cross section@13# by using the measured inelastic-to-elas
intensity ratios. Experimental errors are estimated to be 3
for vibrational excitation cross sections.

The two-state vibrational close-coupling~CC! method,
which includes the ground and first excited states for e
vibrational mode, was employed in the theoretical investi
tion @14#. The fixed-nuclear orientation approximation w
adopted. Interaction potentials were composed of static,
change, and correlation-polarization terms, which were
termined by using the multicenter target wave functi
@14,15#. The coupled differential equations were solved n
merically, and theS matrix was extracted. Then the cro
sections were calculated in a conventional manner by en
ing the convergence with respect to partial waves.

The continuum multiple-scattering~CMS! method @16#
was also employed as a supplemental tool for carrying
the analysis. This method is based on a crude approxima
but is simple, and complex calculations can easily
handled. Therefore, by changing and tuning interaction
tentials, we can readily repeat the calculation for reproduc
experimental results, which, in turn, enables us to shed l
on underlying dynamics.

Figure 1 displays results in the energy dependence of
tially integrated cross sections for all three vibrational mod
separately. These results were obtained by integrating ex
mental differential cross sections over scattering angle
the angle region between 20° and 130°. Hence, the str
dipole contributions to the cross sections are excluded. T
very interesting and prominent features emerge:~i! The sym-
metric stretching and bending modes show strong enha
ment due to the shape resonance at 3.8 eV, while almos
enhancement at the same energy region is seen in the a
metric stretching mode; and~ii ! the peak positions for the
symmetric stretching and bending modes are found to
slightly different. A similar energy dependence for the~020!
mode is due to the resonance feature originating as the~010!
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vibrational enhancement, but having smaller cross sect
in magnitude. Below 3 eV, the~100! mode takes over the
~010! mode. However, at much lower energies, this situat
may well be reversed because of the strong forward peak
the ~010! mode due to the dipole moment, as shown belo

Figure 2~a! shows the theoretical results obtained by t
present CMS and CC methods; and those by the C
method, which limits the integration range within 20°
130°, i.e., partially integrated cross sections, are illustrate
Fig. 2~b!. Note that the original results by the CC metho
which has no adjustable parameter, give the peak positio
around 5.5 eV and hence, as shown in the figure, the
results are shifted by 1.6 eV to match the experimental p
position. The potential used in the CMS method is adjus
to reproduce the experimental peak of the~010! excitation.
However, the general characteristics between the two th
ries agree well in magnitude and, more importantly, are
good qualitative accord for the energy dependence. Th
fore, it is shown that essential features in the experim
mentioned above are well reproduced.

Although a delicate combination of the short-range a
long-range interactions plays a crucial role as a whole
causing the resonance in a complex manner, the short-ra
interaction should be more dominant, in general, for the re
nance. Resonant features in vibrational excitation proc
through such a critical change and a balance of the cha
distribution of the molecule. The main differences in lon
range interactions that are responsible for directing vib
tional excitation for these three modes are weak polariza
interaction for the symmetric stretching~100! mode @17#,
weak dipole interaction for the bending~010! mode@17#, and
strong dipole interaction for the asymmetric stretching~001!
mode@17#. A swarm experiment@18# shows that the magni
tude of the~001!-mode excitation cross section is the large

FIG. 1. Experimental integrated cross sections for the symme
stretching~100!, bending~010! and ~020!, and asymmetric stretch
ing ~001! modes. Note that the cross sections were determined
integrating the DCS over the scattering angles between 20°
130°.
1-2
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among three, except for the resonance region. That it
creases as the impact energy increases is clearly cons
with the Born prediction, in which the dipole dominant tra
sition is expected to occur. Furthermore, the strong forw
peak due to the strong dipole interaction in fact governs
magnitude of the integrated cross section, and the sma
cross section for the~001! mode seen in Figs. 1 and 2~b! is
because the coverage of the integration for the DCS from
to 130° misses the major contribution to the integrated cr
section. Therefore it can be considered that the partially
tegrated cross sections shown in Figs. 1 and 2~b! easily con-
trast contributions from the resonance, while those in F
2~a! are the sum of vibrational excitation through thereso-
nanceand those ofdirect excitationsuch as through long
range dipole interaction.

For a better understanding of these differences in dyn
ics, experimental as well as theoretical DCSs were exami

FIG. 2. ~a! Theoretical integrated cross sections for the symm
ric stretching~100!, bending~010! and asymmetric stretching~001!
modes. Solid symbols are by the CC method and open symbol
by the CMS method. Note that the CC results are shifted by 1.6
to match the experimental resonance peak.~b! Theoretical inte-
grated cross sections for three vibrational modes. These were
tained by integrating the CMS-DCSs over the scattering angles
tween 20° and 130° for comparison with the experimental data
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and the present measured DCSs are illustrated in Fig. 3. N
that the present DCSs for the~010! excitation at 4 eV agree
well with those of Registeret al. The sharp increases in th
DCS toward smaller angles for both~010! and ~001! modes
are due to the dipole moment, as already mentioned ab
which may smear out the resonant enhancements in the
grated vibrational cross sections. On the contrary, the D
for ~100! mode prevails with a decreasing trend towa
smaller angles around the 10–20° region due to the polar
tion effect and a shallow minimum around 60° with the fla
tening region and a comparable magnitude with the~010!
mode. DCSs for the~010! and ~100! modes apparently
change their general shape as well as the magnitudes
tween the resonant and nonresonant regions. It should
noted that the recent study by Cartwright and Trajmar@8#
suggests a possible contribution of the core-excited Feshb
resonance at 4–5 eV to the bending~010! mode. The result
from their proposed mechanism is not in contradiction to
present result. By disassembling the measured DCS into
components for small~,20°! and large~.30°! angles and
analyzing them, they have derived the symmetry-forbidd
argument for an odd number of vibrational quanta for t
bending excitation. However, the present experiment sh
that there is no significant difference in the bending-mo
excitation between an odd and even number of vibratio
quanta, as exemplified in Fig. 1. Therefore, we believe t
the present model based on features of potentials is m
straightforward and simple, and provides a general interp
tation of the observation.

The ~010! DCSs show just a monotonic decrease in log
rithmic scale from forward scattering angle at 20° witho
much undulation. For the~100! excitation mode, the flatten
ing feature at whole angles measured remains in all ener
below the resonance. In addition, the general feature in
the ~001! DCSs is quite similar for each, regardless of t
impact energy, i.e., a sharp decrease from 0°, followed b

t-

re
V

b-
e-

FIG. 3. Experimental differential cross sections for the symm
ric stretching~100! mode, bending~010! mode, and the asymmetri
stretching~001! mode at the impact energy of 4 eV.
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small dip which moves to lower angle as the impact ene
increases. Then the flattening region prevails at larger an
.60°. This feature also substantiates our argument that t
is no strong resonance in the~001! mode. Hence, there
should be a critical dipole moment, in which it is able
wash out the resonance peak in the vibrational excita
cross section. In other words, a relatively large number
partial waves contribute to the~001! excitation, and even if
one or two particular partial waves show the weak resona
feature, it is eventually smeared out when they are tra
formed into the integrated cross section.

As clearly revealed in Fig. 1, the small difference in t
resonance peak between the~100! and ~010! modes should
be expected to exist, and the origin of the difference is
effect between the weak polarization interaction for the~100!
mode and weak dipole interaction for the~010! mode. The
weak dipole interaction, which is still stronger than the p
larization interaction, results in the long-range effect on
target causing the increase in DCSs at small scatte
angles, while the polarization interaction is short range co
pared to the dipole interaction and the influence on the s
tering at large distance is weaker. This difference in the
teractions causes the small difference in the peak pos
between the two. The position of the~100! peak appears to
be lower than that of the~010! peak, as stated before. Th
position of the shape-resonance peak should be controlle
the delicate combination of short- and long-range inter
tions. Therefore, the position peak for each mode does
necessarily occur at the same energy. The static and
change interactions, which consist mostly of a short-ra
interaction, are the main source causing the resonance.
static, and exchange interactions differ for each vibratio
mode slightly because the nuclear-coordinate dependenc
.
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the molecular charge distribution slightly differs from on
mode to another. And this small change in the short-ra
interaction undoubtedly results in the change in appeara
of the resonance. However, within our model, the differen
in the long-range interaction among three vibrational mo
is much stronger and more significant than that in the sh
range interactions. Hence, the long-range interactions
three modes appear to control the general feature of the c
section near the resonance. A good understanding of
mechanism should be significant in attempting the finer sp
troscopic measurement and analysis.

The features we have observed here should be commo
the majority of nonpolar molecules where the dipole mom
is induced when either the bending or asymmetric modes
excited; and hence the present study provides a guideline
much precise spectroscopic analysis.

In summary, we have experimentally observed and th
retically rationalized that there is no peak due to the re
nance in the vibrational excitation cross section for the asy
metric stretching~001! mode, while the symmetric stretchin
~100! mode and bending~010! mode do show a strong en
hancement at around 3.5–4 eV in cross sections due to
shape resonance. However, the peak positions for the~100!
and ~010! modes appear to be different because of the s
sitive combination of short-range and long-range inter
tions. These phenomena were interpreted as the effec
weak polarization interaction for the~100! excitation, weak
dipole interaction for the~010! excitation, and strong dipole
interaction for the~001! excitation.
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