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SHAPE -RESONANCE -ENHANCED NUCLEAR MOTION EFFECTS IN ELECTRON-
MOLECULE SCATTERING AND MOLECULAR PHOTOIONIZATION*

J. L. Dehmer
Argonne National Laboratory, Argonne, Illinois 60439 U.S.A.

and

Dan Dill
Department of Chemistry, Boston University, Boston, Massachusetts 02215 U.S.A.

Shape resonances in the electronic continuum of molecules induce
strong coupling between vibrational and electronic motion over a
spectral range much broader than the resonance half width. In
photoionization, this coupling causes large deviations from Franck-
Condon intensity distributions and strong dependence of photo-
electron angular distributions on the vibrational state of the residual
ion. In electron scattering, it enhances vibrational excitation. We
review recent work in which new, observable manifestations of this
coupling have been predicted theoretically and then verified experi-
mentally.

INTRODUCTION

Shape resonances are now widely recognized as a powerful and broadly applicable
tool for the study of the dynamics of the electronic continuum of molecules: They
are being identified in the photoionization (hv+M) and electron scattering (e + M)
spectra of a growing and diverse collection of molecules, and are expected to
occur somewhere in the spectra of most (non-hydride) molecules. Owing to their
localized nature, such resonances often produce intense spectral features; and,
in many circumstances, their well-defined i character is directly reflected in
angular distributions. Moreover, their one-electron nature lends itself to study
by a realistic, independent-electron theoretical method such as the multiple-scat-
tering model^'^ (MSM) used here, with the concomitant flexibility in terms of
molecular systems, energy ranges, and alternative physical processes. The pur-
pose of the present article is to emphasize another facet of shape resonances —
their interaction with vibrational motion—which once again traces to their local-
ized nature. Recent theoretical work,3;4 employing the MSM in the adiabatic
nuclei approximation, has predicted several observable consequences of this
coupling and has led to experimental verification5/ 5 anci the expectation of numer-
ous similar observations in the future.

We will stress the unifying aspects of shape-resonance-enhanced nuclear motion
effects in e+M and hv+M systems; however, as they do manifest themselves dif-
ferently, we will introduce them separately: Molecular photoionization at wave-
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lengths unaffected by autoionization, predisscciation, or ionic thresholds is gen-
erally believed to produce Franck-Condon (FC) vibrational intensity distributions
and v-independent photoelectron angular distributions. We will show that a
major breakdown of this picture occurs in the vicinity of a shape resonance. In
particular, the temporary trapping of the photoelectron by a centrifugal barrier en-
hances the coupling between electronic and vibra.tional motion, leading to striking
non-FC intensities and strongly v-dependent asymmetry parameters over a broad
spectral range encompassing the resonance. We illustrate these ideas with a
calculation"* of the 3o-c photoionization channel of N2, which exhibits the well-
known cru, f-wave shape resonance (see, e .g . , Rsfs. 2,4,7-21). In addition to
predicting ncn-FC vibrational branching ratios, we account for the long unexplain-
ed observation^-27 that the 3 values for production of Nj X^lJ (v=0,1) differ sig-
nificantly at 584 A (and other wavelengths). Very recently experimental measure-
ments" on the analogous 5a channel in CO have verified the non-FC vibrational
intensity distributions predicted by this picture. Unpublished theoretical work28
on CO2 and experimental work^S on N2 will also be summarized. We believe these
illustrations are merely the first of many examples of equivalent effects that have
hitherto gone undetected only because vibrationally-resolved photoelectrcn studies
have not been carried out systematically through molecular shape resonances, as
is now possible with synchrotron radiation sources.

The connection between shape resonances in e+M and hv + M systems is not
completely obvious since the two have different numbers of electrons, Neverthe-
less, as discussed in more detail elsewhere, 30 a similar manifold of resonances
occurs in the two cases for the same target molecule, except that those in e+M
are shifted 5 to 15 eV to higher electron energy relative to those in hv + M. The
similarity arises because the shape resonances are localized in the molecular core
where the potential is dominated by the nuclei and those electrons common to both
hv+M and e+M. The shift reflects the additional repulsion caused by the extra
electron in e + M. For the purposes of discussion, it is convenient to define two
energy ranges for e + M. In the low-energy (< 10 eV) portion of the spectrum, "he
importance of shape resonances is widely appreciated. 31-33 ^he TTQ d-wave (2 = 2)
resonance at 2.4 eV in e-N2 scattering is perhaps the most thoroughly studied
example (see, e .g. , Refs. 2, 31-44). Shape resonances in this energy region are
related to highly localized states in the discrete portion of the hv + M system.
They stand our clearly above the nonrescnant background, have widths on the order
of an eV, and are usually dominated by a single asymptotic angular momentum,
which imposes a well-defined angular distribution characteristic of that £. Recent-
ly we have focussed attention on another class of shape resonances ,3 falling in
the intermediate-energy (10-40 eV) range. These quasi-bound states are related to
those resonances lying in the hv+M continuum and have emerged in the course of
our currer.t survey studies of electron-molecule scattering using the MSM. Com-
pared io their low-energy counterparts, these resonances are broader, are usually
barely detectable in the elastic or total scattering cross sections, and often are
composed of significant contributions from several asymptotic angular momenta,
whose mixture can vary significantly within the resonance. These properties are
consistent with the picture of a quasi-bound state lying near the top of its centrif-
ugal barrier. These weak resonances are, however, very sensitive to changes in
the molecular geometry and can therefore couple significantly to nuclear motion.
We have found^ / 3,45 that these features are thereby enhanced in vibrational ex-
citation and appear prominently, all the more so because the nonresonant back-
ground is negligible in the vibrationally inelastic channels. Experimental evidence



is sparse, possibly because shape-resonant structure in the 10-40 eV range was
not expected and measurements were concentrated instead in the low-energy range.
Several years ago, Pavlovic et al.4& reported a broad enhancement in e-N2 vibra-
tional excitation in the 15-35 eV range. We have shown^5 that this corresponds
to a cru shape-resonant enhancement, centered at 25 eV in our MSM calculation,
and that it is mainly f-wave in character, though with ncn-negligible mixtures of
i = 1,5. We have also carried out MSM calculations^ of e-CC>2 scattering in
which we observed multiple intermediate-energy resonances. Here we show that
two of these, the cr and a resonances at 13.5 eV and 29.5 eV, respectively, lead
to significant excitation or the symmetric-stretch mode in CO2. Prompted by these
predicted enhancements, Tronc, Azria, and Paineau^ have searched for and just
confirmed enhanced symmetric-stretch excitation in e-CC>2 at 11 eV and 29. 5 eV.
Further work47 has located analogous enhancements in e-CO scattering at 19.5
eV which one would expect on the basis of the e-N2 results. As in the case of
hv + M, we believe that these prototype studies are but the tip of the iceberg.

FUNDAMENTALS

The enhanced coupling between nuclear and electronic modes arises from the quasi-
bound nature of the shape resonant state, which is localized in a spatial region of
molecular dimensions by a centrifugal barrier. This barrier, and, hence, the
energy and lifetime (width) of the resonance are sensitive functions of internuclear
separation R and vary significantly over a range of R corresponding to the ground
state vibrational motion. We will illustrate this with an example from molecular
photoionization, although we emphasize that the illustration would be very similar
for electron-molecule scattering. In the upper-left portion of Figure 1, the dashed
curves represent separate, fixed-R calculations4 of the partial cross sections for
N2 3a photoionization over the range 1.824 ag - R - 2.324 ag, which spans the
N2 ground state vibrational wave function. The peak in the 3og partial cross
section curves is caused by the shape resonance in the cru ionization channel.
This resonance has been studied extensively2'4,7-21 ^n inner-shell, valence-
shell, and oriented-molecule contexts and is known to result from a centrifugal
barrier acting on the f-wave (i = 3) component of the au final-state wave function.
Of central importance in Figure 1 is the clear demonstration that resonance posi-
tions, strengths, and widths are sensitive functions of R. In particular, for larger
separations, the effective potential acting on the £ = 3 component of the cru wave
function is more attractive and the shape resonance shifts to lowe* kinetic energy,
becoming narrower and higher. Conversely, for lower values of R, the resonance
is pushed to higher kinetic energy and is weakened. This indicates that nuclear
motion exercises great leverage on the spectral behavior of shape resonances,
since small variations in R can significantly shift the delicate balance between
attractive (mainly Coulomb) and repulsive (mainly centrifugal) forces which com-
bine to form the barrier. In the present case, variations in R corresponding to the
ground state vibration in N2 produce significant resonant behavior over a spectral
range several times the FWHM of the resonance calculated at R = Rg. By contrast,
non-resonant channels are relatively insensitive to such variation in R, as will
be shown by our results on the liru and 2<xu photoionization channels in N2, to
be published elsewhere.48

Thus, in the vicinity of a shape resonance in photoionization, the electronic trans-
ition moment varies rapidly with R, indicating strong coupling between electronic
and vibrational motion. In the adiabatic nuclei approximation, 49 the effects of
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Figure 1. Cross sections cr and asymmetry parameters 0 for photoionization of the
3<7g(vi = 0) level of N2. Top: Fixed R ( ) and R-averaged, vibrationally un-
resolved ( ) results. Bottom: Results for resolved final-state vibrational levels,
vf=0-2.

this coupling can be estimated by computing the net transition moment for a partic-
ular vibrational channel as an average of the- R-dependent dipoie amplitude,
weighted by the product of the initial- and final-state vibrational wave functions
at each R:

D (R)D (R)xv(R)
i

(1)

The vibrational wave functions are approximated by harmonic oscillator functions
in the results reported below, and the "minus" denotes that incoming-wave bound-
ary conditions have been applied. 1/2,9 jhiS "coupled" complex dipoie amplitude
is converted to partial cross sections and photoelectron angular distributions using
standard formulae .1/2,9



For electron-molecule scattering, the coupling can be treated in an analogous way
by folding the R-dependent T-matrix elements with the initial and final vibrational
wave functions. The resulting electronically-elastic cross section formula i s^ '

Er 1/2 1 t 2

> « - * ^ v L v l / d R S ( R l T t o ^ m ' ( R l X v i ( R l ! ', (2)

where Tixa.,£'m.'(R) is the R-dependent element of the body-frame T matrix in angu-
lar momentum oasis, and Ej and Ef are the electron kinetic energy before and after
the collision. The integral in Eq. (2) is equivalent to Eq. (1), only now the vibra-
tional wave functions belong to a single electronic state of the target molecule,
since we neglect electronic transitions in this work.

Before discussing the obser/able consequences of the coupling represented in
Eqs. (1) and (2), two points should be noted. First, these expressions are gener-
alized to arbitrary molecular geometry by substituting normal-coordinates Oj in
place of R, though interaction between normal modes could be a complicating
feature. Second, significant non-adiabatic effects are expected when the lifetime
of the resonance and the vibrational period are comparable. Examples of this are
known for low-energy electron molecule scattering, e.g. , the 2.4 eV TT_ resonance
in N 2 , ^ ' 3 7 where non-adiabatic effects induce modulations on the resonance
profile.

PHOTOIONIZATION RESULTS

Effects of nuclear motion on individual vibrational channels in photoionization are
shown in the bottom half of Figure 1. Looking first at the partial cross sections,
we see that the resonance position varies over a few volts depending on the final
vibrational state, and that higher levels are relatively more enhanced at their
resonance position than is vf=0. This sensitivity to vf arises because transitions
to alternative final vibrational states preferentially sample different regions of R.
In particular, vf=l ,2 sample successively smaller R, governed by the maximum
overlap with the ground vibrational state, causing the resonance in those vibra-
tional channels to peak at higher energy than that for Vf=0. The impact of these
effects on branching ratios is clearly seen in Figure 2, where the ratio of the
higher Vf intensities to that of vf=0 is plotted in the resonance region. There we
see the ratios,slightly above the FC factors50 (9.3?6, Vf=l; 0.6%, Vf=2) at zero
kinetic energy, go through a minimum just below the resonance energy in Vf = 0,
then increase to a maximum as individual Vf>0 vibrational intensities peak, final-
ly approaching the FC factors again at high kinetic energy. Note the maximum en-
hancement over the FCFs is progressively more pronounced for higher Vf, i . e . ,
340% and 1300% fo rv f= l , 2 , respectively. Gardner and Samson5* have system-
atically measured vibrational intensity distributions in N2; however, the discrete
wavelengths utilized in that study did not cover the critical kinetic energy range
between 10 and 25 eV. Their data show non-FC effects but these were believed
to be due mainly to autoionization. It may be significant that their 584 A and
537 A (vf* l)/(vf=* 0) ratios were 6.9%, i . e . , lower than the FCF, and that the
304 A ratio was 13.1%, i . e . , higher than the FCF; however, this is not conclusive.
A systematic mapping of the critical region in Figure 2 using synchrotron radiation
is needed to test the prediction given here.
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Even when the final vibrational levels vf of the ion are unresolved (summed over),
vibrational motion within the initial state vf=0 causes Eq. (1) to yield results sig-
nificantly different from the R=Re result, because the R dependence of the shape
resonance is highly asymmetric. This gross effect of R averaging can be seen in
the upper half of Figure 1 by comparing the solid line (R-averaged result, summed
over vf) and the middle dashed line (R= RQ) . Hence, even for the calculation of
gross properties of the whole, unresolved electron band, it is necessary to take
into account vibrational motion effects in channels exhibiting shape resonances.
As we stated earlier, this is generally not a critical issue in non-resonant
channels.

Equally dramatic are the effects on 3(vj) shown in the lower right-hand portion of
Figure 1. Especially at and below the resonance position, the 3's vary greatly
for different final vibrational levels. The vf=0 curve agrees well with the solid
curve in the upper half, since the gross behavior of the vibrationally unresolved
electronic band will be governed by the 3 of the most intense component. The
R= Re curve has been found to agree well with recent wavelength-dependent mea-
surements, 20' 21 ancj the agreement is improved by the slight damping caused by R
averaging. More significant for the present purposes is the Vf dependence of 3.
Carlson first observed2 2 '2 3 that, at 584 A, the Vf= 1 level in the 3crg channel of
N2 had a much larger 3 than the vf = 0 level even though there was no apparent auto-
ionizing state at that wavelength. This has been studied in the meantime by sev-
eral workers2 4"2 7 with the same general conclusions, i . e . , 8(vf=0) ~ 0.7 and
3(vf=l) ~ 1.4. This is in semiquantitative agreement with the present calculation
which gives 3(vf=0) ~ 1.0 and 3(vf=l) ~ 1.5. Although the agreement is not
exact, we feel this demonstrates the "anomolous" vf-dependence of 3 in N2 stems
mainly from the cru shape resonance which acts over a range of the spectrum many
times its own ~ 5 eV width. The underlying cause of this effect is the shape-

res onance-enhanced R dependence of the dipole amplitude, just as for the vibra-
tional partial cross sections. In the case of 3(vf), however, both the R dependence
of the phase and of the magnitude of the complex dipole amplitude play a crucial
role, whereas the partial cross sections depend only on the magnitude.

Shortly after the theoretical work described above was completed, Stockbauer et al?
confirmed the prediction of striking non-FC vibrational intensity distributions by
measuring vibrational branching ratios for the analogous a shape resonance in the



5a photoionization channel of CO using synchrotron radiation from the National
Bureau of Standards SURF-II storage ring. Their results are presented in Figure 3
as ratios of intensities of the v= 1, 2, and 3 levels of CO+ X 2 S + to that of the
ground vibrational state of the ion, as functions of incident photon energy. Im-
mediately apparent in Figure 3 is that, aside from the structures at ~ 19.5 eV to
be discussed later, the gross pattern of spectral variation of these ratios strongly
resembles that described above for the analogous states in N2. Specifically, the
(v=l)/(v = 0) curve shows an oscillation with a minimum at ~ 21.4 eV and a maxi-
mum at ~ 22.3 eV and a peak-to-trough ratio of ~ 3. The (v=2,3)/(v=0) curves are
less well defined but clearly show successively greater enhancement at ~ 22 eV,
relative to their weak background levels. Accordingly, these experimental results
were interpreted as the first direct observation of the effects cf shape resonances
on vibrational intensity distributions. Note that the enhancement in the ratios
centered at ~ 19.5 eV is far removed from the resonance position*4 (~ 24 eV),
does not fit into the simple pattern predicted by theory, and is very likely due to
unresolved autoionization structure52 (converging to CO4" B 2 I * at 19.7 eV) in that
portion of the spectrum. A large number of autoionization structures have also
been observed53 throughout the 22-26 eV region; however, these are extremely
weak, doubly-excited features, and are not expected to significantly affect the
present results, which are dominated by one-electron excitations.

Significant differences are also observed between the experimental results for CO
and the theoretical results4 for N2. For example, the resonance maxima of the
excited vibrational levels in Figure 3 are near 22 eV or approximately 2 eV below
the reported position of the shape resonance in the vibrationally unresolved 5<r
band, which is dominated by the v=0 vibrational channel. As noted earlier,

Figure 3 . Photoionization branching
ratios for the v= 0 - 3 levels cf
CO+ X 22T .
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in N2 the resonances in the vibrationally excited levels fall ~ 2 eV above the
resonance in the unresolved band. We believe this reflects the differences in
relative positions of the electronic potential energy curves for the two molecular
systems. To see this, we note that in the R-dependent calculations for N2 ?hotc-
ionization, the <Jn shape resonance shifts to lower energy and becomes narrower
when R is increased and shifts to higher energy and broadens when R is decreased.
In N2, Re for the X 2Eg ionic state is slightly larger than that for the X 1-lj neutral
state, having the effect of preferentially weighting the low-R portion of the FC
region. As a consequence, the resonances in v = l and 2 are shifted to higher
energy than in v- 0. In CO, the Re of the X 2T1" ionic state is slightly smaller
than that of the X Z+ neutral state, so the observed opposite shift would appear
consistent with the above argument. A calculation on CO would test this tentative
interpretation. Another contrast is observed between the absolute values of the
ratios in Figure 3 and those reported^ for N2. For example, in the CO case the
(v=l)/(v=0) ratio is everywhere higher than the FCF (3.8%),50 except at the min-
imum at ~ 21.4 eV where the experimental curve dips near the FCF. In N2, on the
other hand, the FC ratio appears to be the nonresonant background level about
which the oscillation in (v=l)/(v=0) varies. This may also reflect the subtle dif-
ferences in the relative potential energy curves discussed above; however, we
will not spectulate further on this pending a direct comparison between experiment
and theory in either CO or N?.

These prototype studies are now being followed by a second wave of theoretical
and experimental work aimed at broadening our perspective in this new area. As
these are ongoing studies, we are only able to give a brief sketch of them at this
time. A theoretical investigations of the interaction of a cru shape resonance in
CO2 (at a kinetic energy of ~ 18 eV) with the symmetric-stretch mode is nearing
completion. The novel aspect of that work is that nuclear motion effects practi-
cally erase evidence of this resonance in the vibrationally unresolved partial cross
sections.°4 Nevertheless, dramatic ncn-Franck-Condon intensity distributions
and v-dependent angular distributions are predicted"^ in vibrationally resolved
studies. Experimental work on the "invisible" cu resonance in CO2 is beginning.
Theoretical work on the cr resonance in CO and experimental work on the cru
resonance in N2 are also underway in order to tie together the initial studies
described above. Preliminar/ experimental results29 on N2 verify all the one-
electron features predicted theoretically, although significant quantitative dif-
ferences are indicated. Many more case studies in this area are easily identified
by looking at the recent literature on shape resonances in e + M and hv + M
systems (see Refs. 2 and 55 for discussion of a large selection of molecules).

ELECTRON SCATTERING RESULTS

In electron-molecule scattering the exchange of energy between a resonantly
scattered electron and nuclear motion manifests itself in vibrational excitation of
the target, assumed here to stay in the same electronic state. As mentioned in
the Introduction, we have focussed recently on a new class of weak, intermediate-
energy resonances^-45 which are the counterparts^0 of the shape resonances in
the low-energy continuum of the corresponding hv + M system. Here we review
two examples: N2 and CO2.

The N2 story started several years ago, when Pavlovic, 3oness, Herzenberg, and
Schulz46 reported that "the vibrational cross section by electron impact on N2



exhibits a broad maximum near 22 eV." Prompted by the great width (FWKM> 5 e'P,
and the complex energy dependence of the differential cross section, those authors
interpreted this enhanced vibrational excitation in terms of a large manifold of
"overlapping compound states above 20 eV," including possible shape resonances
and singly and multiply core-excited Feshbach resonances. Recently we pro-
posed^ a very simple, one-electron mechanism—a o\a shape resonance—as a
likely candidate to explain the observations of the above authors. At the very
least, this resonance was shown to be responsible for enhanced vibratiorial
excitation in the 15-35 eV range. Its ability to account for the energy dependence
of the differential cross section is currently under investigation. The possible
role of the cru resonance was anticipated by Pavlovic et a l . , but they had insuf-
ficient theoretical information to identify its primary role. This interpretation sug-
gested itself to us during an earlier study42 of e-N2 scattering using the MSM
with Slater exchange. That work identified weak intermediate-energy resonances
in the <JU and 5g channels, in addition to the well-known - g resonance^1""^ at
2.4 eV. More recent work^ employing the MSM with the Hara exchange approxi-
mation^ has proven to be considerably superior but indicates the same three
resonances, only the <JU and on features are weaker, especially the 5g- This is
consistent with recent total electron scattering measurements 57 on N? which indi-
cate a very weak, broad feature at 22 eV, corresponding to the tru resonance, and
no sign of the dn resonance at ~13 eV. Notwithstanding the extreme weakness of
these intermediate-energy features in the elastic scattering cross section, we
felt they might be important in alternative scattering channels, such as vibrational
excitation. Below we show that the o-u i s , indeed, important in this role, where-
as the dg is not, owing to its weakness and off-axis orientation. Results for
vibrational excitation due to the strong TT resonance are also presented.

Our results are shown in Figure 4. The vibrationally elastic results (0 —0) have
been discussed elsewhere.^4 Here we only note that although the Tg resonance
is prominent, the bulk of the cross section is made up of nonresonant contributions.
3y contrast, vibrationai excitation is overwhelmingly dominated by resonant pro-
cesses . In Figure 4b-4d, the total cross section is indistinguishable from the
resonant Trg (2.4 eV) and cru (26 eV) partial cross sections, indicating that non-
resonant processes are negligible. Similarly, the weak <5g shape resonance
located at ~13 eV is ineffective in enhancing vibrationai excitation since it is not
a strong, localized resonance (like the Tg), nor an axially oriented resonance
(like the <?u) and therefore couples only weakly with the nuclear motion.

Vibrational excitation via the irn resonance is a well-known and often studied
p r o c e s s ; 3 2 ' 3 3 ' 3 5 ' 3 7 ' 5 8 thererore, although it is not our main focus, we will
comment briefly on the comparison of these results with the earlier work. The
shape of the rrg resonance (in vibrationally elastic and inelastic channels alike)
is known3S#3/i,38 to have a vibrational substructure owing to the comparable res-
onance lifetime and vibraticnal period. Our model presently neglects such ncn-
adiabatic effects so that we must compare our results with an average of the peaks
and valleys in the experimental spectrum. Our peak values of 3.6, 1.8, and 1. 0
A2 for the (0 — 1), (0 — 2), (0 — 3) transitions, respectively, agree well with an
average of the vibrational substructure presented by Chandra and Temkin^7 and lie
somewhat above experimental values, although nonriilization of the latter remain
in doubt and could be too low by as much as a factor of two. 33,37
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Figure 4. Vibrationally elastic and inelastic cross sections for e-N"2 scattering
between 0—50 eV.

The other major feature in the vibrational excitation spectra between 0—50 eV is a
broad hump extending from ~ 15 to 40 eV centered at ~26 eV. This feature is due
wholly to the weak, but axlally oriented au shape resonance, and resembles the
broad hump observed by Pavlovic et a l . 4 ^ Hence, we tentatively proposed1^
this simple, independent-electron mechanism as the origin of the enhanced vibra-
tional excitation observed experimentally between 15—35 eV. Confirmation of
this proposal requires further work on three questions. First, the differential
cross section must be calculated for the vibrationally inelastic processes to check
for the complex energy dependence observed experimentally. Second, a careful
comparison of absolute magnitudes must be made. This will result from either the
calculation of the differential cross section or the experimental determination of
the integrated cross section for vibrational excitation. A crude estimate of the
integrated cross section is given in terms of the differential cross section by
4-n-da(90°)/dj2 . Using the peak values of dcr(90o)/di2 reported in Ref. 33 between
15 and 35 eV, this estimate yields <r~0.G8 A"2 and 0.02 A2 for the v=0 — v1 = 1
and 2 channels, respectively. That these values are roughly comparable to the
peak values in Figure 4 demonstrates that the <ru shape resonance accounts for the
bulk of the enhanced cross section in this region. Third, the discrepancy between
the theoretical and experimental resonance positions is large in this case and
should be resolved. Ironically, use of the Slater exchange approximation in Ref.
42 gives a resonance position of ~22 eV, in agreement with experiment, although
the Hara exchange approximation is more realistic in several other respects.



The background for the e-CC>2 vibrational excitation calculation^ is taken from
MSM calculations of elastic scattering from CO2 (also OCS and CS2) described
in detail elsewhere:59 The eigenphase sums at the equilibrium geometry for the
a, IT, and 5 scattering channels in the range 0-100 eV are given in Ref. 59.
Significant rises in the eigenphase sums occur for the iru, og, erg, and CTU sym-
metries, at 3.4, 7, 13.5, and 29.5 eV, respectively. The low-energy iru
(p-wave) resonance, well-known both experimentally^,60-64 a nd theoretical-
Iy33, 59,65, 66 stands out clearly in the integrated elastic scattering cross section.
However, the higher-energy <5g, Og, and cru features appear only as weak, barely
noticeable, undulations on the total cross section. These undulations are further
weakened when the cross section is averaged over the zero-point, symmetric-
stretch oscillation of the nuclei, i . e . , vi= 0 — vf= 0 in Eq. (2).

The spectrum for excitation of the symmetric-stretch vibrational mode is shown in
Figure 5. Again, the iru resonance is very strong, but now the Og and oy, reso-
nances stand out clearly as well. The 5g resonance dees net contribute appreci-
ably since it is oriented perpendicular to the symmetric stretch and therefore is
coupled weakly to it. Tronc et al.= observe the strong TU induced excitation and
two much weaker and broader excitations at 11 eV and 29. 5 eV, with no evidence
of a third (dg) weak feature, thus confirming our results. In addition, we have
carried out calculations of electron scattering by OCS, 59 CS2,;>'"' and ST§,^? and
in each case high-energy shape resonances appear.

03

Figure 5. Cross section for excita-
tion of the symmetric-stretch mode
in CO2 by electron impact. I
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These prototype studies have demonstrated several aspects of molecular photo-
ionization channels exhibiting shape resonances: First, the great asymmetric and
non-monotonic sensitivity of the transition amplitude to internuclear separation
couples the nuclear and electronic motion, invalidating the FC factorization of
the two modes. This requires folding of the transition amplitude with the vibra-
tional motion of the molecule, at the very least in an adiabatic scheme. When
resonance lifetimes and the vibrational period are comparable, nonadiabatic
effects (analogous to those observed33,35,37 for the 2.4 eV Hg resonance in e-N2
scattering) are likely to be important as well. Second, the effects are large in
both vibrational intensities and angular distributions, but have heretofore been
largely overlooked because shape resonance effects tend to lie in an inconvenient
wavelength range for laboratory light sources. Synchrotron radiation will be most
useful for this purpose, and we expect this to be a major theme in vibrationally



resolved photoelectron measurements using this broad-range continuum source.
Third, the effects of the shape resonance described above act over tens of volts
of the spectrum, several times the half-width of the resonance, and that a and 3
probe the effects differently, i . e . , have maximal effects in different energy re-
gions. This underscores the well-known differences of the dynamical information
contained in the two physical observables. Fourth, a long-(Standing "anomolous"
vf dependence in the photoeleciron angular distributions of the 3crg channel of N2
has been resolved. Finally, the phenomena described here for one channel of N2
should be very widespread, as shape resonances now appear to affect one or mere
inner- and outer-shell channels in most (non-hydride) molecules.

An analogous set of conclusions applies to electron-molecule scattering: First,
the coupling between electronic and vibrational motion, induced by resonant
scattering, enhances vibrational excitation relative to that caused by the direct
scattering process. Second, this has been known for some time in the context of
low-energy (0—10 eV) scattering, but has only recently been demonstrated3 for
intermediate-energy (10-40 eV) resonances which heretofore went undetected,
since they are extremely weak i\ total scattering cross sections. Mere active
investigations of these quasi-di. crete states lying near the top of their potential
barrier are now beginning in earnest for many molecules. Third, resonances in
e+M systems demonstrate the same leverage shown by those in hv + M systems by
translating the motion of the ground vibrational state into an effec* over several
volts in the spectrum. Fourth, a tentative interpretation has been provided for the
enhanced vibrational excitation observed"^, 46 in e-N2 several years ago. Finally,
the pervasiveness of resonances should roughly equal that of hv+M systems as
the two manifolds of resonances are strongly related.30
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