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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 peakimal&le. 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 sectiondCS9 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 numbgs): 34.50-s, 34.80.Gs

The carbon dioxide (C§& molecule remains one of the Historically the resonant peak centered specifically
most important molecules for our daily life, planet, and gal-around 3.8 eV has been extensively studied over the years,
axy [1], and a study to learn a variety of dynamical aspectsaand the works relevant to the present study are inclusive:
of CO, through photon, electron, or ion impact has still beenBoness and Schuls], Cadezet al. [6], Currell and Comer
very active and constituted an important part of basic physicé’], and more recently Cartwright and Trajmi@]. Those
and chemistry{1]. Vibrational excitation of the COmol- measurements for vibrational excitation function by Boness
ecule, which is the dominant energy-loss process of inciderdnd Schulz and Casdez al. could not distinguish the020)
electrons and ions below about 10 eV, is an important pro2nd (100 modes. For the impact energies above 4 eV, how-
cess in applications for atmospheric phenomena, gaseo&Yer: vibrationally inelastic differential cross-sectiiCS)
discharge, astrophysics, and othf2s However, very little measurements have been limited to only two cases near room
is known of dynamical aspects for the individual vibrational temperature. One was peorformed Oby Regmﬂeal. [9] _for
excitation process, i.e., the symmetric stretchib@0) mode, scattering angles from 10° to 140° at Impact energies of 4
bending(010 mode, and asymmetric stretchif@01) mode. (only one energy around the resonance regioh, 20, and

The presence of a strong resonance peak at 3.8 eV has be5ecr)1 eV only. The other was by Johnstoeeal. [10] for only

. ) . One scattering angle at 20° in the energy region from 1 to 7.5
known and well studied, which was interpreted as due t0 &, thase are important studies, but they have not system-

I1, shape resonance. And this resonance is also known, Withgica1y studied the three fundamental modes independently,
out much reason,_to qualltatlve.ly enhance excitation to th@_e_, they have not fully covered both energy and scattering
symmetric stretching and bending modes, but not much t‘éngle regions around the resonance.

the asymmetric stretching mofi@|. However, investigations In this paper, we report a systematic experimental obser-
based on experimental and theoretical means in the past haygtion of the detailed dynamics for three individual vibra-
not been systematic and have used less fine energy pointsenal modes treated separately in the energy range from 1.5
hence lacking detailed information on dynamics and crosso 6 eV with scattering angles of 10° to 130° and of the
sections. A precise knowledge of excitation mechanisms angtrong mode dependence in the enhancement from the
cross sections is essential for laying the basis for very accu8.8-eV shape resonance. Theoretical investigations based on
rate spectroscopic measurements and other applied scienc#d®e close-coupling and continuum multiple-scattering meth-
An earlier study on vibrational excitation processes by elecods were also performed to provide the rationale for these
tron and positron impacts in the energy region from 2 to 6findings.

eV has found a strong mode dependence for vibrational ex- The experimental arrangement and procedures used in the
citation between these two projectilg; and it is extremely present DCS measurements were similar to those in previous
interesting and important to examine if any mode depenstudies[11]. Briefly, electrons from a hemispherical mono-
dence can be seen within electron impact only. chromator intercept an effusive beam, and then scattered
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electrons are energy analyzed in a second hemispherical sys

tem. The molecular beam is produced by effusing,CO ~
through a simple nozzle that is heated to a temperature 01@5
about 50 °C to reduce contamination. The analyzer can beg
rotated around the scattering center covering the angulai$
range from—10° to 130° with respect to the incident elec-

tron beam. During the present measurements, overall energ
resolutions are about 30 meV full width at half maximum

with care being taken to ensure that the base width of the©
spectrum is as symmetrical as possible, and angular resolu 3

ross Section

tions are aboutt1.5°, respectively. Thus the energy resolu- §n
tion is not sufficient to resolve the rotational excitations and =
adjacent vibrational bandgincluding three fundamental E
modes and their overtonesf (020 and(001) as well as of g

(030), (110, (001), (040, and(120). The spectral decompo-
sition similar to that described earligt2] is also employed.
Briefly, apparatus functions for the fitting are estimated

from the elastic DCS peak of He and are assumed to be
Gaussian profilegequal width$, which was found to give a

near perfect fit to each energy-loss feature. The incident elec-
tron energy is calibrated with respect to the 19.3-eV resor
nance of He and, for vibrational excitations, to t’rﬁg reso-

1.5

0.5

nances of B Cross sections were normalized to the elastic; 30

cross sectio13] by using the measured inelastic-to-elastic
intensity ratios. Experimental errors are estimated to be 30%
for vibrational excitation cross sections.

The two-state vibrational close-coupling€C) method,
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FIG. 1. Experimental integrated cross sections for the symmetric
Stretching(100), bending(010) and (020, and asymmetric stretch-

ing (001) modes. Note that the cross sections were determined by
_integrating the DCS over the scattering angles between 20° and

vibrational enhancement, but having smaller cross sections
in magnitude. Below 3 eV, thél00 mode takes over the

which includes the ground and first excited states for each010 mode. However, at much lower energies, this situation
vibrational mode, was employed in the theoretical investigamay well be reversed because of the strong forward peak for
tion [14]. The fixed-nuclear orientation approximation wasthe (010 mode due to the dipole moment, as shown below.
adopted. Interaction potentials were composed of static, ex- Figure Za) shows the theoretical results obtained by the
change, and correlation-polarization terms, which were depresent CMS and CC methods; and those by the CMS
termined by using the multicenter target wave functionmethod, which limits the integration range within 20° to
[14,15. The coupled differential equations were solved nu-130°, i.e., partially integrated cross sections, are illustrated in
merically, and theS matrix was extracted. Then the cross Fig. 2(b). Note that the original results by the CC method,
sections were calculated in a conventional manner by ensuwhich has no adjustable parameter, give the peak position at

ing the convergence with respect to partial waves.
The continuum multiple-scatterinCMS) method [16]

around 5.5 eV and hence, as shown in the figure, the CC
results are shifted by 1.6 eV to match the experimental peak

was also employed as a supplemental tool for carrying ouposition. The potential used in the CMS method is adjusted
the analysis. This method is based on a crude approximatiotg reproduce the experimental peak of {040) excitation.

but is simple, and complex calculations can easily beHowever, the general characteristics between the two theo-
handled. Therefore, by changing and tuning interaction pories agree well in magnitude and, more importantly, are in
tentials, we can readily repeat the calculation for reproducinggood qualitative accord for the energy dependence. There-
experimental results, which, in turn, enables us to shed lighfore, it is shown that essential features in the experiment

on underlying dynamics.

mentioned above are well reproduced.

Figure 1 displays results in the energy dependence of par- Although a delicate combination of the short-range and
tially integrated cross sections for all three vibrational modedong-range interactions plays a crucial role as a whole in
separately. These results were obtained by integrating expeigausing the resonance in a complex manner, the short-range
mental differential cross sections over scattering angles imteraction should be more dominant, in general, for the reso-
the angle region between 20° and 130°. Hence, the strongance. Resonant features in vibrational excitation proceed
dipole contributions to the cross sections are excluded. Twthrough such a critical change and a balance of the charge

very interesting and prominent features eme(gerhe sym-

distribution of the molecule. The main differences in long-

metric stretching and bending modes show strong enhanceange interactions that are responsible for directing vibra-
ment due to the shape resonance at 3.8 eV, while almost ntwnal excitation for these three modes are weak polarization
enhancement at the same energy region is seen in the asymteraction for the symmetric stretching00 mode[17],
metric stretching mode; andi) the peak positions for the weak dipole interaction for the bendi@10 mode[17], and
symmetric stretching and bending modes are found to bstrong dipole interaction for the asymmetric stretchi@gl)

slightly different. A similar energy dependence for {020
mode is due to the resonance feature originating asdth@
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mode[17]. A swarm experimenft18] shows that the magni-
tude of the(001)-mode excitation cross section is the largest
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; N . DCS toward smaller angles for botB10) and(001) modes
£ * 1 are due to the dipole moment, as already mentioned above,
ks i 1 which may smear out the resonant enhancements in the inte-
= P SO srelfarad oo s s Srarere: ST grated vibrational cross sections. On the contrary, the DCS
1 2 3 4 5 p ; for (100 mode prevails with a decreasing trend toward
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tion effect and a shallow minimum around 60° with the flat-
FIG. 2. (a) Theoretical integrated cross sections for the symmet€NING region and a comparable magnitude with (020
ric stretching(100), bending(010) and asymmetric stretchirigoy ~ mode. DCSs for the(010 and (100 modes apparently
modes. Solid symbols are by the CC method and open symbols af'@nge their general shape as well as the magnitudes be-
by the CMS method. Note that the CC results are shifted by 1.6 eyween the resonant and nonresonant regions. It should be
to match the experimental resonance pe@. Theoretical inte- noted that the recent study by Cartwright and Trajri&r
grated cross sections for three vibrational modes. These were olsuggests a possible contribution of the core-excited Feshbach
tained by integrating the CMS-DCSs over the scattering angles bgesonance at 4-5 eV to the bendi{®j.0 mode. The result
tween 20° and 130° for comparison with the experimental data. from their proposed mechanism is not in contradiction to the
present result. By disassembling the measured DCS into two
among three, except for the resonance region. That it desomponents for small<20°) and large(>30°) angles and
creases as the impact energy increases is clearly consistatalyzing them, they have derived the symmetry-forbidden
with the Born prediction, in which the dipole dominant tran- argument for an odd number of vibrational quanta for the
sition is expected to occur. Furthermore, the strong forwardending excitation. However, the present experiment shows
peak due to the strong dipole interaction in fact governs thé¢hat there is no significant difference in the bending-mode
magnitude of the integrated cross section, and the smallesicitation between an odd and even number of vibrational
cross section for thé001) mode seen in Figs. 1 andi is  quanta, as exemplified in Fig. 1. Therefore, we believe that
because the coverage of the integration for the DCS from 20the present model based on features of potentials is more
to 130° misses the major contribution to the integrated crosstraightforward and simple, and provides a general interpre-
section. Therefore it can be considered that the partially intation of the observation.
tegrated cross sections shown in Figs. 1 afig 2asily con- The (010 DCSs show just a monotonic decrease in loga-
trast contributions from the resonance, while those in Figrithmic scale from forward scattering angle at 20° without
2(a) are the sum of vibrational excitation through tfeso-  much undulation. For thél00) excitation mode, the flatten-
nanceand those ofdirect excitationsuch as through long- ing feature at whole angles measured remains in all energies
range dipole interaction. below the resonance. In addition, the general feature in all
For a better understanding of these differences in dynamthe (001) DCSs is quite similar for each, regardless of the
ics, experimental as well as theoretical DCSs were examinedimpact energy, i.e., a sharp decrease from 0°, followed by a
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small dip which moves to lower angle as the impact energythe molecular charge distribution slightly differs from one
increases. Then the flattening region prevails at larger angleaode to another. And this small change in the short-range
>60°. This feature also substantiates our argument that thefateraction undoubtedly results in the change in appearance
is no strong resonance in th@®01) mode. Hence, there of the resonance. However, within our model, the difference
should be a critical dipole moment, in which it is able to jn the long-range interaction among three vibrational modes
wash out the resonance peak in the vibrational excitatiofls much stronger and more significant than that in the short-
cross section. In other words, a relatively large number ofange interactions. Hence, the long-range interactions for
partial waves contribute to th@01) excitation, and even if  three modes appear to control the general feature of the cross
one or two particular partial waves show the weak resonancgection near the resonance. A good understanding of this
feature, it is eventually smeared out when they are trangmechanism should be significant in attempting the finer spec-
formed into the integrated cross section. troscopic measurement and analysis.

As clearly revealed in Fig. 1, the small difference in the  The features we have observed here should be common to
resonance peak between t#00 and (010 modes should he majority of nonpolar molecules where the dipole moment
be expected to exist, and the origin of the difference is thgs jnduced when either the bending or asymmetric modes are
effect between the weak polarization interaction for(80)  eycited; and hence the present study provides a guideline for
mode and weak dipole interaction for th@10 mode. The ,ch precise spectroscopic analysis.
weak dipole interaction, which is still stronger than the po- |, symmary, we have experimentally observed and theo-
larization interaction, results in the long-range effect on th&etically rationalized that there is no peak due to the reso-
target causing the increase in DCSs at small scatteringance in the vibrational excitation cross section for the asym-
angles, while the polarization interaction is short range cometric stretching001) mode, while the symmetric stretching
pared to the dipole interaction and the influence on the scaf ) mode and bendingd10) mode do show a strong en-
tering at large distance is weaker. This difference in the iny,5ncement at around 3.5—4 eV in cross sections due to the
teractions causes the small difference in the peak positioBhape resonance. However, the peak positions fof 186
between the two. The position of tg00) peak appears 10 anq(010) modes appear to be different because of the sen-
be lower than that of th€010 peak, as stated before. The sitive combination of short-range and long-range interac-
position of the shape-resonance peak should be controlled yns These phenomena were interpreted as the effect of
the delicate combination of short- and long-range interacyeak polarization interaction for the.00) excitation, weak

tions. Therefore, the position peak for each mode does ngjinole interaction for thé010) excitation, and strong dipole
necessarily occur at the same energy. The static and €¥steraction for the(001) excitation.

change interactions, which consist mostly of a short-range

interaction, are the main source causing the resonance. The The work was supported in part by a Grant-in-Aid, from
static, and exchange interactions differ for each vibrationathe Ministry of Education, Science and Culture, Japan
mode slightly because the nuclear-coordinate dependence @¥1.K.).
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