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Abstract. Differential cross sections for elastic scattering and excitation of tael vibrational

level have been measured for rotationally cooled HCI at energies near the threshold for dissociative
attachment. The cooling improves the visibility of the oscillatory structure irvtke 0 — 1

cross section and permits the observation of a similar structure also in the elastic channel. The
integralv = 0 — 1 cross section and the resonant part of the integral elastic cross section have
been calculated using a nonlocal resonance model. A high degree of agreement of the details of the
measured and calculated structures confirms the correctness of the model and the high accuracy of
theab initio HCI~ potential-energy function used as input to the model.

The interestinthe vibrational excitation cross sectionsin HCl has been initiated by the discovery
of surprising threshold peaks by Rohr and Linder (1975, 1976). Narrow structures at thresholds
for vibrational excitation appeared both in the inelastic cross sections of Rohr and Linder and
in the measurements of the derivative of the elastic cross section abg&urrow (1974).

A later discovery of oscillatory structure in the= 0 — 1 andv = 0 — 2 vibrationally
inelastic channels (Cvejandvand Jureta 1989, Cvejanovi993) was also unexpected in
view of the large autodetachment width of thé resonance. A number of theoretical and
experimental studies on HCI and HF followed these discoveries. A complete list of citations
would be too lengthy for this letter; examples aradie et al (1989), Knothet al (1989a),
Ehrhardt (1990), Schafer and Allan (1991) for the experimentsglunal Herzenberg (1977),
Domcke (1990), Morgant al (1990), Plef®t al (1992) and Fabrikargt al (1991) for theory.

A nonlocal resonance model with variable threshold exponent and high quality resonant
potential surface has recently succeeded in correctly describing both the threshold peaks and the
oscillatory structures in the vibrationally inelastic channels, as well as dissociative attachment
and associative detachmeéiieket al1999, HoéCek 1999). A more comprehensive account

of the entire subject and additional citations can be found in these two papers.

The energies of the structures found in the vibrationally inelastic cross section below the
dissociative attachment threshold shift substantially with initial rotational quantum of the target
HCI molecule Cizeket al 1999). The experimentally observed structures are consequently
strongly broadened by thermal rotational excitation at room temperature. We present here new
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measurements of the= 0 — 1 and the elastic channels, where the visibility of the structure

is improved by cooling the sample HCI in a free jet expansion. The new experimental results
are compared with the theoretical cross sectiofidek et al (1999) for thev = 1 channel

and with new theoretical data for the elastic channel, calculated with the same model.

The measurements were performed using a spectrometer with hemispherical analysers
described by Allan (1992 and 1995). Neat HCI| was expanded froman30rifice, with a
backing pressure of about one bar. Pronounced narrowing of the HCI elastic energy-loss peak
with increasing backing pressure indicated significant cooling, although the exact temperature
was not known. The analyser response function was determined on the elastic scattering in
helium. The resolution of the instrument in the energy-loss mode (determined on the elastic
peak of helium) was slightly below 20 meV fwhm, corresponding to an energy spread of about
14 meV inthe incident beam. The energy of the incident beam was calibrated on the 19.366 eV
2S resonance in helium and is accurate to withB0 meV. The excitation functions have been
recorded at the maxima of the energy-loss peaks and emphasize consequently th@
transitions.

The basic equation of the nonlocal resonance theory (Bardsley 1968, Domcke 1991) is
the wave equation describing nuclear motion in the short-lived anion state

[Tn + Va(R) — E]ya(R) + f k dk dS2; / dR'Var(R)Go(R, R'; E — k*/2) Vi, (RN Ya(R)

= - de,- (R)Xvi (R) (1)
with
Go(R, R'; E) = (R|(E — Tn — Vo +in) Y|R). )

HereR is the internuclear distance aWgl R) andVy(R) are the potential energy functions
of the target state and the discrete resonance state, respectiygl®) denotes the discrete-
continuum coupling matrix elemeng,, (R) is the wavefunction of the initial vibrational state
of the target moleculées; the momentum of the incoming electron aAdhe total energy of
the collision complex.Gy is the Green’s function for nuclear motion in the target sté&e,
being the radial nuclear kinetic-energy operator.

From the solution of equation (1), the integral cross section for electron scattering from
initial vibrational statey; to final statevs is obtained as

_4 . 2
O.Uf Vi (E) - k2 kof koi | <X1)f | def |Wd> | . (3)
i

Expression (3) includes only the resonant part of the scattering amplitude, which is
dominant for inelastic processes. For the elastic cross section, interference of the resonant
amplitude with a background scattering amplitude has to be taken into account.

A more detailed discussion of the nonlocal formalism can be found in Domcke (1991).
An improved nonlocal resonance model for the e + HCI system has been published recently
(Cizeket al 1999). The calculations presented in the present work are based on this model
(referred to as DMHC2 model ifizeket al 1999). The parameters characterizing the functions
V4(R) and Vg (R) have been determined from fixed-nucddi initio electron-HCI scattering
calculations (Padial and Norcross 1984) and high-leseinitio calculations for the bound
part of the HCt potential energy function (Astrand and Kartstr 1990). The model thus
contains no parameters which are adjusted to experiment.

The differential elastic cross section is compared with the calculated resonant part of the
integral elastic cross section in figure 1. The cusp atthe 1 threshold has already been
observed by Knotlet al (1989b), who measured the elastic differential cross section in the
energy range 0.15-0.6 eV, scattering angles 6f 80 and 135, and a target HCI temperature
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Figure 1. Experimental relative elastic cross sectionFigure 2. Experimental (differential, at 90bottom) and
recorded at 90(bottom) and calculated resonant part ofcalculated (integral, top) cross section in the energy range
the elastic cross section (top). Threshold for excitation ofvhere oscillatory structures are found. (see also caption
v = 1 and for dissociative attachment (DA) are markedof figure 1).

The symbols;p andg; are explained in the text.

of 120°C. The cusp appears more pronounced in the present curve, presumably due to the
lower target temperature.

The present calculation assumes s-wave scattering and consequently isotropic behaviour
of the resonant part. Rohr and Linder (1975) arétiRet al (1989) found the experimental
elastic cross section (at 3 eV) to be strongly forward peaked, as expected for a polar target,
but the role of ‘direct’ scattering by the dipole moment of the target decreases with increasing
scattering angle, justifying the present comparison. The shapes of the two curves in figure 1
agree very well. Both the pronounced cusp structure at the opening of thel channel
and the oscillatory structure below the dissociative attachment threshold are well reproduced
by the theory. The resolution of the present experiment is, however, not sufficient to confirm
conclusively the very narrow width of the structuggsandg; in the calculated cross section
(apeak at 0.63 eV and a dip at 0.70 eV).

Very good agreement is also found between experiment and theory forthé& — 1
cross section shown in figure 2. The comparison is more direct here because Rohr and Linder
(1975, 1976) found an isotropic distribution of the vibrationally inelastic electrons at 2 eV
(theo* resonance region), and the experimental differential and the theoretical integral cross
sections thus should have the same shapadl@®t al (1989) and Knottet al (1989) reported
that the height of the threshold peak depends on scattering angle, but the threshold peak is not
discussed in this letter.)

Similarly to the elastic cross section, the= 0 — 1 cross section has two very narrow
features, markegh andq; in figure 2 (essentially a dip at 0.63 eV and a sharp peak at 0.70 eV).
The resolution of the instrument is comparable to the width of the structure and evidence for
the narrow and wide structures may not be apparent at first glance. A closer look at the
experimental curve does reveal evidence for the the narrow structures, however. The first
‘valley’, at 0.622 eV in the experiment, is 14 meV wide (full width at half depth), a width
about equal to the energy spread in the incident beam, indicating a very narrow natural width
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Figure 3. Potential curves of HCI (with vibrational levels) and HClaken from the publication
of Cizeket al (1999). Energies of the sharp structuggsandg; are marked by a heavy solid and
a dashed line, resp., and the threshold of dissociative attachment by a thin line.

of this dip. The second valley, at 0.661 eV in the experiment, is 22 meV wide, consistent with a
natural width larger than that of the first valley. Evidence for the second sharp featwen be
derived from the shapes of the valleys. A consequence of this sharp feature is an asymmetrical
shape of the third valley (at 0.72 eV) in the theoretical cross section. Its left flank is very
steep, but its right flank rises only slowly, in contrast to the second valley which is essentially
symmetrical, with flanks on both sides having about the same slope. The same characteristics
are observed in the experimental spectrum: the valley at 0.66 eV is symmetrical, whereas the
cross section in the next valley (at 0.70 eV) rises steeply on the left and more gradually on the
right.

The relevant potential surfaces, taken from the papeZibék et al (1999), are shown
in figure 3. The HCI potential curve is a Morse curve fitted to the true HCI potential curve.
The HCI potential curve beyond the stabilization point is a parametrized fit talbhiaitio
results of Astrand and Karlgtm (1990). A heuristically useful way to view the structures is
interpreting the broader undulatory structure as being of ‘boomerang’ origin (a consequence of
an interference between an outgoing and a reflected nuclear wave, see Herzenberg (1984)), and
the superimposed very narrow structyseas being a consequence of a quasibound vibrational
level in the secondary minimum of the HCpotential curve at larg®. The narrow width
of g is explained by the weakness of the coupling between the quasibound vibrational level
in the outer well Yia tunnelling) and the nuclear dynamics at shoRer(This interpretation
is less useful for the second structuge, because it is already slightly above the potential
barrier.) The narrow structurg thus bears information on the shape of the H@btential
curve at largeR. The good agreement of the observed and calculated energies of this structure
(0.628+0.03 eV and 0.631 eV, resp.) provides a confirmation of the accuracy ahtivétio
calculation.

This research is part of project No 20-53568.98 of the Swiss National Science Foundation.
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