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Penning ionization of HCl upon collision with metastable He*(23S) atoms was studied by two-dimensional
(collision-energy/electron energy resolved) Penning ionization electron spectroscopy and by classical trajectory
calculations. Collision energy resolved studies enable us to obtain important information about stereo dynamical
aspects on this reaction; sideways approaches of the He* atoms on H-Cl molecular axis play a dominant
role in the ionization event for producing HCl+(X 2Πi, V′ ) 0, 1), and glancing collision is one of the dominant
trajectories of the He* atoms to produce HCl+(A, 2Σ+). It was also found that the formation of vibrationally
excited HCl+(X 2Πi, V′ > 1) through the unidentified HCl** Rydberg state was influenced by a strong attractive
interaction, whereas the formation of the HCl** Rydberg state, dissociating to H(1s) and autoionizing
Cl**( 1D2 nl) atoms, was found to be affected by a repulsive interaction around the Cl end of the HCl molecule.

I. Introduction

The reaction of metastable rare gas atoms with molecules
has been of long-term interest, because of the variety of possible
reaction channels involved. Among these, one of the most
fundamental processes for chemiionization known as Penning
ionization1 has been widely studied in recent years.2-5 Penning
ionization of HCl with the metastable He*(23S) has been the
focus of attention of numerous investigations by utilizing the
Penning ionization electron spectroscopic (PIES)6-11 and Pen-
ning ionization optical spectroscopic (PIOS)12-17 techniques.
PIES reveals the state distribution in which the molecular ion
is formed, whereas PIOS probes the ions after the dissociation
of the interacting reactants. Therefore, the nascent vibronic
distributions of the ions may be different, if the initial distribu-
tion is perturbed in the collision complex. Richardson et al.12,13

reported the non-Franck-Condon vibrational state distributions
in the HCl+(A 2Σ+) state as nonvertical processes by using the
PIOS. This study prompted several PIES studies with an aim
on determining the nascent state distribution in the HCl+(A 2Σ+).
The PIES studies reported,6-10 basically, identical vibrational
state distributions found in the He I ultraviolet photoelectron
spectrum (UPS). Several possibilities have been discussed to
explain the difference between the PIOS and PIES studies.

More recently, a high resolution and detailed PIES study
reported by Yencha et al.11 indicates very interesting features
in the Penning ionization of HCl with He*(23S) and He*(21S)
atoms. Although HCl+(X 2Πi) and HCl+(A 2Σ+) final molecular
ionic states are populated to an extent similar to He I UPS of
HCl, (1) a non-Franck-Condon feature with a long and weak
vibrational progression was found beyondV′ ) 2 for the
HCl+(X 2Πi) state, indicating slight bond stretching in HCl upon
He*(23S) atom approach and (2) in both the He*(21S) + HCl
and HCl*(23S) + HCl spectra, the formation of Cl+ ions was
found: energy transfer to repulsive HCl** Rydberg states,
dissociating to H(1s), and auto-ionizing Cl** (1D2 nl) atoms

leading to Cl+(3P2,1) ions. By utilizing a theoretical approach,
Someda et al.18 investigated dissociative excitations of HCl in
collision with He*(23S) by using an SCF-CI calculation of the
potential energy hypersurfaces relevant to He*(23S) + HCl(X)
f He(11S) + Cl(2P) + H*(n > 2). They discussed the
mechanism of formation of doubly excited HCl** Rydberg
states produced by mixing of a charge-transfer configuration.

Electron kinetic energy (Ee) and collision energy (Ec) resolved
two-dimensional (2D) PIES has been used to obtain information
about anisotropic interaction potentials around the molecule and
also dynamics of particles on the potential energy surface.19,20

Therefore, Penning ionization probability depends not only on
the anisotropic electron distribution of the target molecular
orbital (MO) but also on anisotropic interactions between the
colliding particles. The cross section may either increase or
decrease with increasing the collision energy of the reactants
depending on the characteristics of interaction. The positive
dependence of the collision energy implies that the interaction
is repulsive, whereas the negative dependence indicates an
attractive interaction. Thus, it would be very desirable to perform
a collision-energy-resolved PIES experiment for a more detailed
understanding of the reaction of He*(23S) with HCl, because
the Penning ionization and the formation of Rydberg states
would be influenced by the mutual orientation and collision
dynamics of the colliding particles and be different from each
other.

Although theoretical approaches are very helpful to elucidate
the reaction dynamics, theoretical studies on Penning systems
for molecular targets have been limited to a few such as H2,21-23

N2,24 and H2O.25,26 The collision dynamics for the reaction of
He*(23S) with H2 has been investigated by the infinite order
sudden (IOS),21,27close-coupling,28,29and the classical trajectory
method.30-32 For the He*(23S)+ N2 system, the collision energy
dependence obtained by trajectory calculations based on the ab
initio potential energy surface with various approximations
seems to be in better agreement with the experiment than by
the IOS approximation.24,33 Ogawa and Ohno have reported
classical trajectory calculations of the Penning ionization
processes based on an ab initio model potential and an overlap
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approximation for the ionization width for He*(23S) with N2

and CH3CN.34,35Calculated collision energy dependence of the
partial ionization cross sections (CEDPICS) qualitatively agreed
with the experimental results. Very recently, 2D-PIES has been
evaluated by trajectory calculations based on chemical potential
surfaces of both entrance and exit channels.36,37 These studies
demonstrated that Li atom usage instead of He*(23S) atoms for
evaluating interaction potentials and the overlap approximation
for trajectory calculations give satisfactory agreement with the
experimental results.

In the present paper, we report a collision-energy-resolved
PIES study of HCl with the He*(23S) atom. CEDPICS has been
utilized to obtain information about the anisotropic interaction
potential between the colliding particles as well as to discuss
the nature of the Rydberg states potential energy surface leading
to autoionizing Cl** atoms. Furthermore, classical trajectory
calculations have been performed in order to get a deeper insight
into the collision dynamics and also to assist the experimental
findings.

II. Experimental Section

High purity HCl gas was commercially purchased and used
without further purification. The experimental apparatus for
measurements of He*(23S) PIES and He I UPS has been
reported previously.38-41 Briefly, a metastable He*(21S,23S)
beam was generated by a discharge, and the He*(21S) compo-
nent was optically removed by a helium discharge lamp. He I
UPS was measured by He I resonance photons (584 Å, 21.22
eV) produced by a discharge in pure helium gas. Kinetic energy
of ejected electrons was measured by a hemispherical electro-
static deflection type analyzer using an electron collection angle
90° to the incident He* and photon beam for PIES and UPS,
respectively. We estimate the energy resolution of the electron
energy analyzer to be 60 meV from the full width at the half-
maximum (fwhm) of the Ar+(2P3/2) peak in the He I UPS. The
observed PIES and UPS were calibrated by the transmission
efficiency curve of the electron analyzer, which was alternatively
determined by comparing our UPS data of several molecules
with those by Gardner and Samson42 and Kimura et al.43

Calibration of the electron energy scale was made by reference
to the lowest ionic state of N2 mixed with the sample molecule
in He I UPS (Ee ) 5.639 eV)44 and He*(23S) PIES (Ee ) 4.292
eV).10,45

In the collision-energy-resolved experiments, 2D-PIES, the
metastable atom beam was modulated by a pseudorandom
chopper rotating about 400 Hz and introduced into the reaction
cell located about 500 mm downstream from the chopper disk
with keeping constant sample pressure.19,20 The resolution of
the electron analyzer was lowered to 250 meV in order to gain
higher electron counting rates. Kinetic electron energies were
scanned by 35 meV steps. The 2D Penning ionization data as
functions of bothEe and t were converted by Hadamard
transformation in which time dependent signals were cross-
correlated with the complementary slit sequence of the pseudo-
random chopper, and then the velocity dependence of the
electron signals was obtained. Velocity distribution of the
metastable He* beam,IHe*(VHe*), was determined by measuring
the intensity of the secondary emitted electrons from the inserted
stainless plate. The 2D Penning ionization cross sectionσ(Ee,Vr)
was obtained with normalization by the velocity distribution of
the He* beam, whereVr is the velocity of the metastable atoms
average over the velocity of the HCl molecule. Finally,σ(Ee,Vr)
is converted toσ(Ee,Ec) such as functions ofEe andEc, where
Ec is collision energy of the colliding particles.

III. Calculations

Interaction potential energies between He*(23S) and HCl in
various directions and distances were calculated on the basis
of the well-known resemblance between He*(23S) and Li(22S);46

the shape of the velocity dependence of the total scattering cross
section of He*(23S) by He, Ar, and Kr is very similar to that of
Li, and the location of the interaction potential well and its depth
are similar for He*(23S) and Li with various targets.47-50

Recently, a precise estimate of the similarity51 has been made
for atomic targets; the well depths for the Li+ Y (Y ) H, Li,
Na, K, Hg) systems were found to be 1.1∼1.2 times larger than
those for He*(23S) + Y. Because of these findings and the
difficulties associated with the calculation of excited states, Li
was used in this study in place of He*(23S). Thus, the interaction
potential HCl-Li(22S),V*(R,θ) (whereRandθ are the distance
between Li atoms and X (center of mass of the molecule) and
Li-X-Cl angle), was calculated by moving the Li atom and
keeping the molecular geometries fixed. For calculating the
interaction potential, a quadratic configuration interaction
calculation including single and double substitutions with a triple
contribution (QCISD(T)) with standard 6-311++G** basis set
was used. All of the calculations in this study were performed
with the Gaussian 98 quantum chemistry program.52 The
ionization potentials for the HCl were also calculated by using
the outer valence Green’s function (OVGF) method53,54 as
incorporated in Gaussian 98.

Trajectory calculations for ionization of HCl were performed
on a three-dimensional potential energy surface obtained by the
QCISD(T)/6-311++G** at more than 900 points. Ionization
width was evaluated on the following simplifications; when the
angular distribution of the ejected electrons is neglected and
when the fact that the He 2s orbital and the continuum orbitals
are too diffuse compared to the He 1s and ionized orbitals is
taken into account, the positional dependence of the ionization
width Γ is mainly governed by the more compact 1s and ionized
orbitals. The ionization widths for each ionic statesΓ(i),
therefore, are represented by

whereK is a constant, andΦi andΨ1s are the ionized MO and
He 1s orbital, respectively. The impact parameterb was set
randomly from 0 to 8 Å for 10 000 trajectories at each collision
energy. As the rotational period is not long compared to the
collision time, rotational motion during the collision event has
been taken into account. The orientation of the HCl was
randomly generated, and the initial rotational distribution of the
molecule was assumed by Boltzmann distribution at 300 K. The
partial ionization cross sectionσ(i) was obtained from ionization
probability P(i) with a weight of 2πb db

Details of the trajectory calculations were reported in previous
papers.34,35 The K constant (8.0× 105) was determined in an
iterative way to reproduce experimentally obtained total ioniza-
tion cross section.

IV. Results

Figure 1 shows the He I UPS and He*(23S) PIES of the HCl
molecule. The electron energy scale for PIES is shifted relative
to that of UPS by the excitation energy difference between He
I photons (21.22 eV) and He*(23S) (19.82 eV), namely, 1.40
eV.

Γ(i) ) K|〈Φi|Ψ1s〉|2 (1)

σ(i) ) 2π∫bP(i) db (2)
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Figure 2 shows the collision-energy-resolved PIES
(CERPIES) obtained from the 2D spectra of the HCl molecule.
The “hot” spectrum at the higher collision energy (ca. 236 meV)
is shown by a dashed curve, and the “cold” one at the lower
collision energy (ca. 92 meV) is shown by a solid curve.

Figure 3 shows the logσ versus logEc plots of CEDPICS in
the collision energy range of 90-300 meV for the HCl
molecule. The CEDPICS was obtained from the 2D-PIES
σ(Ee,Ec) within an appropriate range ofEe; band 1 (fwhm of
the band), band 1′ (6.6-5.5 eV), band 2 (3.6-2.8 eV), and band
3 (1.5-0.2 eV). Experimental values are plotted by circles. The
calculated results for bands 1 and 2 based on the model potential
and the overlap approximation for the ionization probabilities
are shown by solid lines. The experimental cross sections
obtained by the 2D-PIES experiment are normalized to a value
of 53 Å2 for total ionization cross section atEc ) 236 meV
estimated by the calculation. In the present calculation, the
proportionality constantK in eq 1 is determined in order to
reproduce the reported total ionization cross section (62 Å2 at
Ec ) 40 meV).55 It is noted that the reported cross section above
is the total quenching cross section of He* atom with HCl, and
the branching fraction of Penning ionization over the quenching
cross section was separately reported to be 1.00( 0.20.56

Electron density maps with van der Waals surfaces57 (rH ) 1.2
Å, rCl ) 1.8 Å) are also shown in the figures in order to grasp
the effective access direction of He*. The calculated electron
density maps for nCl andσHCl orbitals are shown on a molecular
plane.

Figure 4 shows the calculated interaction potential energy
curves between ground-state Li atom and the HCl molecule.
The potential energies are shown as functions of the distanceR

and angle θ. Calculations are done at the QCISD(T)/6-
311++G** level of theory.

Figure 1. He I UPS and He*(23S) PIES of HCl. The asterisk is the
He I UPS of the A state signal because of the small amount of He I
photons accompanied with the He*(23S) beam.

Figure 2. Collision-energy-resolved PIES of HCl with the He*(23S)
atom.

Figure 3. Collision energy dependence of the total and partial
ionization cross sections for HCl/He*(23S). The observed data are
plotted by circles. Calculated curves based on the model potential are
shown by solid lines. The curves for the total, X2Πi, and A 2Σ+ are
shown successively from the top. The contour plots show electron
density maps for respective MOs.
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Table 1 summarizes experimentally observed, normalized
relative population of each electronic state (P(V′)), calculated
IPs, experimental peak energy shifts (∆E), slope parameters of
CEDPICS (m), and the assignment of the bands. Slope
parameters are obtained from the logσ vs log Ec plots in a
collision energy range for 90-300 meV by a least-squares
method. Vertical IPs are determined from He I UPS. The peak
energy shifts are obtained as the difference between the peak
position (EPIES; electron energy scale) and the “nominal” value
(E0 ) difference between metastable excitation energy and
sample IP):∆E ) EPIES- E0. Errors inmvalues are estimated
by several measurements. Tables 2 and 3 are comparison with
the past studies.6,7,9-11

V. Discussion

A. General Feature of PIES.PIES of HCl molecule with
the He*(23S) atom is shown in Figure 1 together with UPS.
PIES studies have been reported by several authors.6-11 The

present result is very close to the past study of Yencha et al.,11

whereas the average collision energy of the present study (∼160
meV) shown in Figure 1 is larger than the one (60 meV) in ref
11. Observed features in the present study can be summarized
as follows: (1) Band intensity for the X state (nCl orbital) was
enhanced with respect to the one for the A state. (2) Non-
Franck-Condon behavior was found in the excited vibrational
levels (V′ > 1) of the X state. Namely, the formation of the X
state is characterized by an intenseV′ ) 0 band followed by
much weaker vibrational structure up toV′ ) 5. (3) Steplike-
rise and followed continuum broad band was found for lower
electron kinetic energy region labeled as band 3.

B. CEDPICS of X and A States.The Penning ionization
process can be explained by the electron exchange model where
an electron of the target molecular orbital (MO) is transferred
into the inner vacant 1s orbital of the He* atom, which
subsequently ejects the external electron in 2s orbital.58 Then
the mutual overlap of related orbitals for the electron exchange
plays an important role.2,59 The first finding can be ascribed
that the large electron density of the nCl orbital shows stronger
attractive interaction than corresponding region of theσHCl

orbital. Furthermore, attractive interaction is expected to bring
larger overlap than repulsive interaction under the investigated
collision energy range. Partial ionization cross sections of bands
1 and 2 are well reproduced by the trajectory calculations.

TABLE 1: Band Assignment, Normalized Relative Vibrational Population (P(W′)), UPS Ionization Potentials (IP/eV), Peak
Energy Shifts (∆E/meV), and Slope Parameters (m) of HCl

band V′
P(V′)

in UPS
P(V′)

in PIES
P(V′)
FCFa

UPS IPobsd/
eV

IPOVGF/
eV (pole strength)

orbital
character

∆E/
meV m

1 0 100 100 100 12.80 12.33(0.94) X2Πi(nCl) -30 ( 10 -0.29( 0.02
1 8.6( 0.6 4.1( 1.0 7.1 -35 ( 15

(1′) { 2 1.2( 1.0 0.68( 0.2 0.5 - } -0.38( 0.033 - 0.32( 0.2 -
4 - 0.22( 0.2 -
5 - 0.19( 0.2 -

2 0 60( 3 79( 6 63.3 16.28 16.56(0.93) A2Σ+(σHCl) -7 ( 10 -0.24( 0.02
1 100 100 100 -7 ( 10
2 96( 3 82( 7 94.3 +6 ( 10
3 73( 3 50( 7 69.8 +13 ( 10
4 50( 4 39( 7 45.2 +3 ( 10
5 28( 4 23( 8 27.1 +1 ( 10
6 16( 5 - 15.5 -
7 8 ( 5 -

3 18.4∼ - -0.15( 0.01

a D. L. Albritton, results cited in refs 6 and 11.

Figure 4. Entrance potentials for directions of 0°(b), 30°(O), 60°(2),
90°(4), 120°(9), 150°(0), and 180°([) with respect to the H-Cl axis
obtained by the QCISD(T)/6-311++G** calculation. Note that the
origin of the angle is a center-of-mass of the HCl molecule.

TABLE 2: Peak Energy Shift (∆E/meV) of the Vibrational
Ground State (W′ ) 0)

HCl+ electronic state

reference X2Πi A 2Σ+

7 -50 ( 5 -15 ( 5
9 -76 ( 20 -77 ( 20
10 -28 ( 6 -3 ( 8
11 -28 ( 2 +2 ( 4
this work -30 ( 10 -7 ( 10

TABLE 3: Relative Population of Electronic States of HCl+
Measured at 90° to the Incident He* Beam

HCl+ electronic state

reference X2Πi A 2Σ+

6 1.00 0.50( 0.04
10 1.00 0.51( 0.03
11 1.00 0.53( 0.02
this work 1.00 0.51( 0.04a

a The branching ratio was obtained from Figure 1. The average
collision energy was measured to be 160 meV.

3762 J. Phys. Chem. A, Vol. 106, No. 15, 2002 Imura et al.



Namely, the observed branching ratio of A to X state is well
reproduced by the trajectory calculation in the investigated
collision energy range as shown in Figure 3. The branching
fraction between X and A states summarized in Table 3 agrees
with the reported one despite different collision energy, for
example 60 meV for ref 11. This fact suggests that the collision
energy dependence of the partial ionization cross sections for
these states are not significantly different from each other. The
collision energy dependence of bands 1 and 2 shows a similar
negative nature both in experiment and calculations as shown
in Figure 3 in accord with the above prediction.

Although the collision energy dependence of the total
ionization cross section, namely,σTI ∝ Ec

-0.58, over the relative
collision energy range 5-334 meV, in the He*(23S) and HCl
Penning ionization has been reported by Parr et al.,60 a direct
correspondence between the measurements may not be neces-
sary. Whereas Parr et al.60 measured the total ionization cross
section of the He*(23S) with the HCl molecule by detecting
positive ions, we detected the ejected electrons whose kinetic
energy was analyzed. However, the difference of the slope
parameter seems to be too much to be addressed only to the
difference of detecting species. Both experimental approaches
to measure the collision energy dependence of the ionization
cross section have been well established,19,60 whereas the
detection of positive ions without mass selection should perform
with great care in order to eliminate any contribution from
impurities. It should be mentioned that the beam characteristics
of the HCl gas between these experiments are different from
each other: we introduced HCl gas at 300 K, whereas Parr et
al.60 used it at 160 K. Therefore the difference may arise from
the different beam character. At 160 K, even in the effusive
beam condition, the HCl dimer can be formed.61 It seems that
the result of Parr et al.60 contains a certain contribution from
the dimer, because a cross section of the cluster may be a couple
of magnitudes larger compared to that of the monomer as found
in the other reaction system.62 On the contrary, present results
purely arise from the reaction of the HCl monomer with the
He* atom.

Negative CEDPICS of bands 1 and 2 indicate the existence
of an attractive interaction potential around the molecule.
Negative peak energy shifts were consistently observed for
bands 1 and 2, whereas band 2 shows a very small peak energy
shift as summarized in Tables 1 and 2. Obtained peak energy
shifts are in good agreement with past studies. Model potential
calculation of the present system shows attractive interaction
for the side way approach of the He* atom toward a HCl
molecule (nCl orbital region) and repulsive one for the collinear
direction along the H-Cl bond axis (σHCl orbital region). On
the basis of a zero impact parameter model, it may be puzzling
that both the experimental and calculated CEDPICSs for band
2 show negative character, because the electron density distribu-
tion for the corresponding molecular orbital has major contribu-
tion around the repulsive interaction region. It has been fairly
well recognized that the zero impact parameter picture is too
simple to figure out the true nature of reaction dynamics. The
negative feature of band 2 is an indication that this band contains
a certain contribution related to molecules imposed attractive
interaction at the collision event. It is easily recognized that for
the trajectories having larger impact parameters the glancing
collisions of the He* atoms with the HCl molecule along its
molecular axis play a dominant role, because the trajectories
for smaller impact parameters relevant to the collinear approach
to the bond axis only yield a small ionization cross section. It
is noted to mention that, although the trajectories of the He*

atom was mostly influenced by the attractive interaction around
the Cl atom sideways to the molecular axis, the ionization point
is the exterior region of theσHCl orbital. This argument is
inconsistent with both the observed small peak energy shift and
the negative character in CEDPICS of this band. The experi-
mentally obtained absolute value of the negative slope in
CEDPICS for band 1 is slightly larger than the one for band 2,
whereas the calculation results indicate the opposite way. This
disagreement suggests that the reported cross section may be
rather large, because the larger cross section implies the large
contribution from the reaction at larger impact parameter. In
fact, Bush et al.55 estimated uncertainties about 30% for their
reported ionization cross section. Furthermore, the nonionization
channel may be involved within the reported uncertainty of 20%
to the total quenching cross section as reported in ref 56. It is
noted that a smallerK constant in eq 1, which leads to a smaller
total ionization cross section, reproduces the larger attractive
effect for band 1 than for band 2. Experimental results indicate
that ionization around the nCl orbital region has been influenced
by a larger attractive effect than theσHCl orbital region, because
the nCl orbital has larger electron density around the attractive
region. It is also noted that the experimental absolute slope
values in CEDPICS both for bands 1 and 2 are larger than the
ones obtained by the calculations. The difference between the
experiment and calculation can be partially explained by the
underestimation of the attractive well (∼64 meV atR ) 2.5 Å
andθ ) 90°) for the present QCISD calculation. In fact, Yencha
et al.11 pointed out that the depth of the attractive potential well
(∼84 meV for X state estimated from the edge shift) was larger
because of the shallow potential well (∼20 meV) for the exit
channels. In addition, theoretical calculations suggest that the
HCl bond stretch because of the approach of the He* atom is
a slightly larger attractive effect as discussed later. Therefore,
larger absolute values of CEDPICS for bands 1 and 2 in the
experiment can be rationalized to the above arguments. Here,
we have to mention that an inclusion of this stretching effect in
the trajectory calculation has not been performed because of
the difficulty in estimating the magnitude of bond stretching at
various conditions: impact parameter, collision energy, and
orientation of the reagents.

C. Rydberg HCl** States. Arguments for a sizable entrance
channel attraction above might be partially responsible for the
significant deviations of the vibrational distribution from the
Franck-Condon expectation, in the sense that HCl bond
stretching occurs upon approach of the He* atom, finding (2).
However, a major potion of the spectrum, namely, the vibra-
tional population of HCl+(X, V′ ) 0,1) and HCl+(A,V′ ) 0-4),
is almost identical to the He I UPS. Thus, it is natural that a
long progression of vibrational bands in the X state can be
ascribed to a different origin from the normal Penning ionization
mechanism. As suggested by Yencha et al.,11 the origin of
vibrational progressionV′ > 1 should be related to the formation
of an autoionizing superexcited state of HCl close to the
excitation energy of the He*(23S) atom. A similar superexcited
state was also found in Ne I UPS, where excitation up toV′ )
13 in HCl+(X) was found and attributed to an autoionizing
transition originating from unknown superexcited state of HCl
that is energy-resonant with each of the Ne I lines (16.848 and
16.671 eV).63 The absolute slope value of the CEDPICS for
the corresponding region labeled as band 1′ is larger than that
of any other bands, which indicates the strongest attractive
effect. Indeed, Palmieri et al.64 have presented an ab initio
calculated potential energy surface of the Li+ HCl system for
a larger number of molecular geometries, showing that bond
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stretching in the HCl molecule by Li approach from any
direction is a quite important effect. Independently, we have
performed similar calculation at a few HCl bond distances by
using the second-order Møller-Plesset perturbation theory
(MP2) with 6-311++G** calculations as shown in Figure 5
and found equivalent results. Namely, attractive interaction
becomes larger with the increment of the bond distance. These
findings should be closely related to the indication of the largest
attractive effect for band 1′, because avoided crossing between
the He*-HCl and He-HCl** surfaces should occur at the
longer HCl bond distance than the HCl molecule in the ground
state. Furthermore, Yencha et al.11 roughly estimated the upper
limit of the well depth of this broad band to be 410 meV by
the difference between the nominal energyE0 and the lowest
emitted electron energy taken as the 10% point of the peak
maximum intensity on the low energy tail. This is also consistent
with our conclusion that the attractive interaction becomes larger
with the increment of the bond distance of HCl.

Yencha et al.11 clearly observed the atomic structured region
superimposed on an underlying broad band below an electron
energy of 1.42 eV. They identified the four series ns, np, nd′,
and nd with the core configuration Cl 3p4(1D2), autoionizing
the Cl** atom to the two final states Cl+ 3p4(3P2) and Cl+

3p4(3P1). Moreover, the production mechanism leading to the

formation of the autoionizing Cl** atoms was proposed with
excitation transfer

which finally results in autoionization

to produce the sharp electron peaks as well as the underlying
broad continuum. Similarly, we observed a steplike-rise at 1.4
eV followed by a structureless band (feature 3). It is important
to mention that the resolution (60 meV) of our spectrometer
was lower than that (17-18 meV) of Yencha et al.11 Thus, the
lack of observation of atomic structures can be attributed to
the relatively low resolution in combination with the weak
intensity of these features. As mentioned before, the observation
of collision-energy-dependent cross sections provides valuable
information about the interaction. The absolute slope value of
CEDPICS for this band is the smallest among the bands
observed, which indicates either weak attractive or repulsive
potential character around the avoided crossing between He*-
HCl and He-HCl** potential energy surfaces. The knowledge
of the He*-HCl and He-HCl** potential energy surfaces
would be very helpful. Someda et al.18 calculated these potential
energy surfaces by a SCF-CI method in order to investigate
the dissociative excitation of HCl in collision with the He*(23S)
atom. The calculated potential energy curves were found to be
anisotropic with respect to the angle of approachθ of the He*
atom. On the basis of the calculated potential energy surfaces,
they proposed the dissociation mechanism into the H and Cl
atoms: when the He*(23S) approaches HCl, the motion of the
zero-point vibration of HCl causes the transition from the
He*(23S)+ HCl to He+ HCl** through the avoided crossings.
They focused their discussion on the thermal collision accessible
by two states, 22Σ+-4s and 14Π-4p, and concluded that the
HCl**(2 2Σ+-4s) could be the dominant final channel. It should
be mentioned that the HCl**(22Σ+-4s) state is not directory
correlated to the Cl+(3P2,1) but to Cl+(1D2) at the dissociation
limit. On the other hand, Yencha et al.11 suggested that the HCl-
(1 4Π-4p) state might be a candidate for one of the precursor
states of the Cl** 3p4(1D2)nl states, assuming that the HCl**(1
4Π-4p) state would decay into lowering HCl**(12∆-nl) states
by curve crossing, because the HCl**(12∆-nl) states is energy
resonant with He*(23S) and dissociating into the H+ Cl**
3p4(1D2) 4s, which correlates to the Cl+(3P2,1) formation. The
calculated potential curves by Someda et al.18 indicated that the
avoided crossing between the He+ HCl**(1 4Π-4p) and the
He*(23S) + HCl only appears in the collinear approach of the
He* atom on the Cl end of HCl. In this respect, the ionization
event for band 3 should be governed by the repulsive interaction
around the Cl atom. This is consistent with the smallest absolute
slope value of CEDPICS for band 3, because the Cl end-on
approach of the He* atom to the HCl shows repulsive interaction
as shown in Figure 4. This finding may support the formation
mechanism of Cl**(1D2) proposed by Yencha et al.11

VI. Conclusion

We have measured the two-dimensional PIES of the HCl
molecule with the He*(23S) atom. In addition, we have
performed classical trajectory calculations of the reactants on
the model potential energy surface obtained by ab initio
molecular orbital calculations. CEDPICS shows negative char-

Figure 5. Entrance potentials for directions of 0°, 90°, and 180° with
respect to the H-Cl axis at a few HCl bond distances obtained by the
MP2/6-311++G** calculations. (b) HCl bond distancer is 1.247 Å,
(0) r ) 1.35 Å, and (9) r ) 1.45 Å, which correspond to the bond
lengths of HCl in theV ) 0, 1, and 2 states, respectively. Note that the
origin of the angle is a center-of-mass of the HCl molecule.

He(23S) + HCl f He + HCl**

HCl** f H+ Cl**

Cl** f Cl+ + e-
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acter, which implies the importance of attractive interaction
around the molecule. By combining results of the CEDPICS
both in experiment and calculation, it was found that the
attractive interaction around the side of the HCl molecular axis
takes a crucial role to produce HCl+(X 2Πi, V′ ) 0,1) and
HCl+(A 2Σ+). Furthermore, reaction pathways for generating
the Cl** autoionizing atoms were dominant for the collinear
approach of the He* atom on the Cl end of HCl molecule.
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