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Penning ionization of HCI upon collision with metastable HE§Patoms 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-@i iiHolecular axis play a dominant

role in the ionization event for producing HEK 2IT;, ' = 0, 1), and glancing collision is one of the dominant
trajectories of the He* atoms to produce H@, 2="). It was also found that the formation of vibrationally
excited HCIH(X 2IT;, ¢/ > 1) through the unidentified HCI** Rydberg state was influenced by a strong attractive
interaction, whereas the formation of the HCI** Rydberg state, dissociating to H(1s) and autoionizing
CI**( 1D, nl) atoms, was found to be affected by a repulsive interaction around the Cl end of the HCI molecule.

I. Introduction leading to CI(3P,,4) ions. By utilizing a theoretical approach,
) ) Someda et &l investigated dissociative excitations of HCI in
The reaction of metastable rare gas atoms with molecules oqjision with He*(28S) by using an SCFCI calculation of the

has b_een of Iong-ter_m interest, because of the variety of pOSSiblepotential energy hypersurfaces relevant to HéSj2+ HCI(X)
reaction channels involved. Among these, one of the most _, He(11S) + CI2P) + H*(n > 2). They discussed the

fundamental processes for chemiionization known as Penningyechanism of formation of doubly excited HCI** Rydberg
ionizatiort has been widely studied in recent ye&rsPenning  gyates produced by mixing of a charge-transfer configuration.

ionization of HCI with the metastable HeX{R) has been the S -

focus of attention of numerous investigations by utilizing the Ele_ctron k_lnetlc energyi) and collision energyE(C)_ re_solved .

Penning ionization electron spectroscopic (PEES)and Pen- two-dimensional (2D) PIES has been used to obtain information

ning ionization optical spectroscopic (PIGB) techniques. about anisotropic interaction potentials ar_ound the molecule and

PIES reveals the state distribution in which the molecular ion _?_lsgrgf{:;:m;%snﬂ]icnpairggil;:ﬂ%?] thgg:éﬁﬂt'ﬂeeneer:gg ﬁg{%ﬁ%' on

is formed, whereas PIOS probes the ions after the dissociation TN 9 'on pro} y aep y
the anisotropic electron distribution of the target molecular

of the interacting reactants. Therefore, the nascent vibronic bital (MO) but al S otronic int i betw th
distributions of the ions may be different, if the initial distribu- orbita (MO) out alSo on anisotropic Interactions between the
colliding particles. The cross section may either increase or

tion is perturbed in the collision complex. Richardson égaf d ith i g th lisi f th tant
reported the non-FranekCondon vibrational state distributions ecrease with Increasing the collision energy ot the reactants
depending on the characteristics of interaction. The positive

in the HCIF(A 2Z7) state as nonvertical processes by using the q q fh lisi imolies that the int "

PIOS. This study prompted several PIES studies with an aim . epenoence of the collision energy implies that the nteraction

on determining the nascent state distribution in the HEPS*). is repulsive, whereas the negative dependence indicates an
attractive interaction. Thus, it would be very desirable to perform

The PIES studies reportédi® basically, identical vibrational ) _ \
P y a collision-energy-resolved PIES experiment for a more detailed

state distributions found in the He I ultraviolet photoelectron q di t th . f He® ith HCl. b
spectrum (UPS). Several possibilities have been discussed td!nderstanding of the reaction of He®&) with HCI, because

explain the difference between the PIOS and PIES studies. '€ Penning ionization and the formation of Rydberg states
. . . would be influenced by the mutual orientation and collision
More recently, a high resolution and detailed PIES study

reported by Yencha et &.indicates very interesting features dynamics of the colliding particles and be different from each

in the Penning ionization of HCI with He*E8) and He*(2S) other. ) .
atoms. Although HCI(X 2IT;) and HCIH(A 2=*) final molecular Although theoretical approaches are very helpful to elucidate

ionic states are populated to an extent similar to He | UPS of the reaction dynamics, theoretic.al .studies on Penning systems
HCI, (1) a non-Franck Condon feature with a long and weak for molecular targets have been limited to a few such 283

vibrational progression was found beyontl = 2 for the N,,2* and H0.2>26 The collision dynamics for the reaction of
HCI*(X 2IT,) state, indicating slight bond stretching in HCl upon  H€*(2°S) with H, has been investigated by the infinite order
He*(23S) atom approach and (2) in both the H&%2+ HCI sudden (IOS}#-? close-coupling®2°and the classical trajectory

and HCI*(2S) + HCI spectra, the formation of Clions was ~ Method® 32 For the He*(2S) + N, system, the collision energy
found: energy transfer to repulsive HCI** Rydberg states, dependence obtained by trajectory calculations based on the ab

dissociating to H(1s), and auto-ionizing CI*¥, nl) atoms initio potential energy surface with various approximations
seems to be in better agreement with the experiment than by

*To whom correspondence should be addressed the 10S approximatiof*32 Ogawa and Ohno have reported
" Present address: Institute for Molecular Science, 38 Nishigonaka, Classical trajectory calculations of the Penning ionization
Myodaiji, Okazaki 444-8585, Japan. processes based on an ab initio model potential and an overlap
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approximation for the ionization width for He*¥g) with N [ll. Calculations
and CHCN 3435Calculated 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 chanigfé.These studies
demonstrated that Li atom usage instead of H&Jatoms for
evaluating interaction potentials and the overlap approximation
for trajectory calculations give satisfactory agreement with the
experimental results.

Interaction potential energies between HERand HCI in
various directions and distances were calculated on the basis
of the well-known resemblance between Hé]pand Li(2S);*
the shape of the velocity dependence of the total scattering cross
section of He*(2S) 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*(2S) and Li with various target§—5°
Recently, a precise estimate of the simildiitilas been made
. for atomic targets; the well depths for thetiY (Y = H, Li,

In the present paper, we report a collision-energy-resolved \5 g Hg) systems were found to be 1.2 times larger than
PIES study of HCI with the He*@5) atom. CEDPICS has been tho’se'for He*(2S) + Y. Because of these findings and the
utilized to obtain information about the anisotropic interaction jisiculties associated with the calculation of excited states, Li
potential between the colliding particles as well as to discuss a5 sed in this study in place of He®&. Thus, the interaction
the nature of the Rydberg states potential energy surface 'eadingpotential HCHLi(22S), V¥(R.6) (whereR and® are the distance

to autoionizing CI** atoms. Furthermore, classical trajectory penyeen Li atoms and X (center of mass of the molecule) and
calculations have been performed in order to get a deeper insight ;_y_c angle), was calculated by moving the Li atom and

into the collision dynamics and also to assist the experimental keeping the molecular geometries fixed. For calculating the

findings. interaction potential, a quadratic configuration interaction
. . calculation including single and double substitutions with a triple
II. Experimental Section contribution (QCISD(T)) with standard 6-331G** basis set

High purity HCI gas was commercially purchased and used W8S used. All of the calculations in this study were performed

without further purification. The experimental apparatus for With the Gaussian 98 quantum chemistry progfdnThe
measurements of He*8) PIES and He | UPS has been ionization potentials for the HCI were also calculated by using

reported previousl§e-4! Briefly, a metastable He*(5,2S) Fhe outer val'ence Grgen’s function (OVGF) mettod as
beam was generated by a discharge, and the H8¥@mpo- incorporated in Gaussian 98.

nent was optically removed by a helium discharge lamp. He | Trajectory calculations for ionization of HCIl were performed
UPS was measured by He | resonance photons (584 A, 21.2200 a three-dimensional potential energy surface obtained by the
eV) produced by a discharge in pure helium gas. Kinetic energy QF:'SD(T)/ES'?’”:L""G** at more than 900 points. lonization

of ejected electrons was measured by a hemispherical electroidth was evaluated on the following simplifications; when the
static deflection type analyzer using an electron collection angle angular distribution of the ejected electrons is neglected and
90° to the incident He* and photon beam for PIES and UPS, when the fact that the He 2s orbital and the continuum orbitals

respectively. We estimate the energy resolution of the electron '€ {00 diffuse compared to the He 1s and ionized orbitals is
energy analyzer to be 60 meV from the full width at the half- taken into account, the positional dependence of the ionization

maximum (fwhm) of the At(2Ps;) peak in the He | UPS. The with Tis mainlly gpve_rned by the more compact 1s and ionized
observed PIES and UPS were calibrated by the transmissionOrPitals. The ionization widths for each ionic stat&¥,
efficiency curve of the electron analyzer, which was alternatively therefore, are represented by

determined by comparing our UPS data of several molecules 0 _

with those by Gardner and Samédrand Kimura et afd 10 =K@, J1 1)
Calibration of the electron energy scale was made by reference . e

to the lowest ionic state of Nmixed with the sample molecule whereK is a constant, an®; andWys are the ionized MO and

in He | UPS E. = 5.639 eV}*and He*(2S) PIES E. = 4.292 He 1s orbital, respectively. The impact parametewas set
eV).1045 randomly from 06 8 A for 10 000 trajectories at each collision

energy. As the rotational period is not long compared to the
ollision time, rotational motion during the collision event has
een taken into account. The orientation of the HCI was
randomly generated, and the initial rotational distribution of the
molecule was assumed by Boltzmann distribution at 300 K. The
partial ionization cross sectia) was obtained from ionization
PO with a weight of 2rb db

In the collision-energy-resolved experiments, 2D-PIES, the
metastable atom beam was modulated by a pseudorando
chopper rotating about 400 Hz and introduced into the reaction
cell located about 500 mm downstream from the chopper disk
with keeping constant sample presstfé The resolution of
the electron analyzer was lowered to 250 meV in order to gain e
higher electron counting rates. Kinetic electron energies were probability
scanned by 35 meV steps. The 2D Penning ionization data as 0 )
functions of bothE. and t were converted by Hadamard 0" =27 [bP" db 2
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* beanh,e+(vHer), was determined by measuring
the intensity of the secondary emitted electrons from the insertedIV Results
stainless plate. The 2D Penning ionization cross seoi{Bgey) ’
was obtained with normalization by the velocity distribution of Figure 1 shows the He | UPS and He*®) PIES of the HCI
the He* beam, where; is the velocity of the metastable atoms molecule. The electron energy scale for PIES is shifted relative
average over the velocity of the HCI molecule. Finadi{fe,vr) to that of UPS by the excitation energy difference between He
is converted tar(Ee Ec) such as functions dE. andE, where | photons (21.22 eV) and He*{8) (19.82 eV), namely, 1.40
E. is collision energy of the colliding particles. eVv.

Details of the trajectory calculations were reported in previous
papers’*3 The K constant (8.0x 10°) was determined in an
iterative way to reproduce experimentally obtained total ioniza-
tion cross section.
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Figure 2. Collision-energy-resolved PIES of HCI with the He*®)

Figure 1. He | UPS and He*(2S) PIES of HCI. The asterisk is the  atom.

He | UPS of the A state signal because of the small amount of He |
photons accompanied with the He*&) beam. 100
Figure 2 shows the collision-energy-resolved PIES

(CERPIES) obtained from the 2D spectra of the HCI 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 log versus loge. plots of CEDPICS in
the collision energy range of 9800 meV for the HCI
molecule. The CEDPICS was obtained from the 2D-PIES
0(Ee,Ec) within an appropriate range d,; band 1 (fwhm of
the band), band'16.6—-5.5 eV), band 2 (3.62.8 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 A2 for total ionization cross section & = 236 meV 1
estimated by the calculation. In the present calculation, the ]
proportionality constanK in eq 1 is determined in order to
reproduce the reported total ionization cross section (6atA
E. = 40 meV)>® It is noted that the reported cross section above
is the total quenching cross section of He* atom with HCI, and
the branching fraction of Penning ionization over the quenching
cross section was separately reported to be 1:00.2056

2

Cross Section/ A

3 ar*3p*('Dynl

[ TT ™

HCI**—HCI (X,v'>1)

®oece,
®o0e

1 ———— —_—

30 50 80100 300 500

Collision Energy / meV
. . O Figure 3. Collision energy dependence of the total and partial
Electron density maps with van der Waals surfatés = 1.2 ionization cross sections for HCI/He®®). The observed data are

A ra= 18 R) are also shown in the figures in order to grasp piotted by circles. Calculated curves based on the model potential are
the effective access direction of He*. The calculated electron shown by solid lines. The curves for the total 2K;, and A23* are

density maps for & andoyc orbitals are shown on a molecular  shown successively from the top. The contour plots show electron
plane. density maps for respective MOs.

Figure 4 shows the calculated interaction potential energy
curves between ground-state Li atom and the HCI molecule. and angle #. Calculations are done at the QCISD(T)/6-
The potential energies are shown as functions of the distance 311++G** level of theory.
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TABLE 1: Band Assignment, Normalized Relative Vibrational Population (P(')), UPS lonization Potentials (IP/eV), Peak
Energy Shifts (AE/meV), and Slope Parametersrf) of HCI

P(") P() P(") UPS IRbsd IPovee orbital AE/
band v in UPS in PIES FCP eV eV (pole strength)  character meV m
1 0 100 100 100 12.80 12.33(0.94) ?Ki(Nnc) —30£10 —0.294 0.02
1 8.6+ 0.6 41+1.0 7.1 —35+15
(19 2 1.2+10 0.68+02 05 -
3 - 0.32+ 0.2 -
4 - 0.224 0.2 ) 0.38+ 0.03
5 - 0.19+ 0.2 -
2 0 60+3 79+ 6 63.3 16.28 16.56(0.93) A (0nc) —7+10 —0.244+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

ap. L. Albritton, results cited in refs 6 and 11.

400 — - TABLE 2: Peak Energy Shift (AE/meV) of the Vibrational
\. Ground State (' = 0)
HCI* electronic state
[e]
\ reference X AZF
300 4 ;
u] S ® 9 7 —50+5 —15+5
3 9 —76+£ 20 —77+20
L \ \ 10 —28+6 -3+8
oo (e 11 ~284 2 +2+4
> 2001 D& \ \ this work ~30+ 10 ~7+10
S \ Qe
= O \. L \ TABLE 3: Relative Population of Electronic States of HCI"
§ Lo e Measured at 90 to the Incident He* Beam
e}
100 4 })\. HCI™* electronic state
iy
» reference X Azt
6 1.00 0.50+ 0.04
10 1.00 0.5 0.03
04 11 1.00 0.53t 0.02
this work 1.00 0.5H-0.04

M‘ a2The branching ratio was obtained from Figure 1. The average
collision energy was measured to be 160 meV.

-100 — T T T T T " T T T 1

present result is very close to the past study of Yencha &t al.,
whereas the average collision energy of the present stutigq
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 statec(rorbital) was
enhanced with respect to the one for the A state. (2) Non-
Franck-Condon behavior was found in the excited vibrational
levels ¢/ > 1) of the X state. Namely, the formation of the X
state is characterized by an intense= 0 band followed by
much weaker vibrational structure up tb= 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
rocess can be explained by the electron exchange model where
n 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 or¥ithhen

the mutual overlap of related orbitals for the electron exchange
hblays an important rolé>° The first finding can be ascribed
that the large electron density of the orbital shows stronger
attractive interaction than corresponding region of the,
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.

R/A

Figure 4. Entrance potentials for directions of(®), 30°(O), 60°(a),
90°(»), 120°(m), 15C°(0), and 180(#) with respect to the HCI axis
obtained by the QCISD(T)/6-3#1+G** calculation. Note that the
origin of the angle is a center-of-mass of the HCI molecule.

Table 1 summarizes experimentally observed, normalized
relative population of each electronic sta®&()), calculated
IPs, experimental peak energy shifteH), slope parameters of
CEDPICS (n), and the assignment of the bands. Slope
parameters are obtained from the logvs log E plots in a
collision energy range for 96300 meV by a least-squares
method. Vertical IPs are determined from He | UPS. The peak
energy shifts are obtained as the difference between the pea
position Epes electron energy scale) and the “nominal” value
(Eo = difference between metastable excitation energy and
sample IP):AE = Epies — Eo. Errors inmvalues are estimated
by several measurements. Tables 2 and 3 are comparison wit
the past studie®7.9-11

V. Discussion

A. General Feature of PIES.PIES of HCI molecule with
the He*(2S) atom is shown in Figure 1 together with UPS.
PIES studies have been reported by several authé¥sThe
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Namely, the observed branching ratio of A to X state is well atom was mostly influenced by the attractive interaction around
reproduced by the trajectory calculation in the investigated the Cl atom sideways to the molecular axis, the ionization point
collision energy range as shown in Figure 3. The branching is the exterior region of theryc orbital. This argument is
fraction between X and A states summarized in Table 3 agreesinconsistent with both the observed small peak energy shift and
with the reported one despite different collision energy, for the negative character in CEDPICS of this band. The experi-
example 60 meV for ref 11. This fact suggests that the collision mentally obtained absolute value of the negative slope in
energy dependence of the partial ionization cross sections forCEDPICS for band 1 is slightly larger than the one for band 2,
these states are not significantly different from each other. The whereas the calculation results indicate the opposite way. This
collision energy dependence of bands 1 and 2 shows a similardisagreement suggests that the reported cross section may be
negative nature both in experiment and calculations as shownrather large, because the larger cross section implies the large
in Figure 3 in accord with the above prediction. contribution from the reaction at larger impact parameter. In
Although the collision energy dependence of the total fact, Bush et ab® estimated uncertainties about 30% for their
ionization cross section, namelyy 0 E.9-58 over the relative reported ionization cross section. Furthermore, the nonionization
collision energy range 5334 meV, in the He*(3S) and HCI channel may be involved within the reported uncertainty of 20%
Penning ionization has been reported by Parr eal.direct to the total quenching cross section as reported in ref 56. It is
correspondence between the measurements may not be necegoted that a smallé( constant in eq 1, which leads to a smaller
sary. Whereas Parr et ® measured the total ionization cross total ionization cross section, reproduces the larger attractive
section of the He*(3S) with the HCI molecule by detecting  €ffect for band 1 than for band 2. Experimental results indicate
positive ions, we detected the ejected electrons whose kineticthat ionization around thegnorbital region has been influenced
energy was analyzed. However, the difference of the slope by a larger attractive effect than thac orbital region, because
parameter seems to be too much to be addressed only to théhe r orbital has larger electron density around the attractive
difference of detecting species. Both experimental approachesregion. It is also noted that the experimental absolute slope
to measure the collision energy dependence of the ionizationvalues in CEDPICS both for bands 1 and 2 are larger than the
cross section have been well establish&t, whereas the ones obtained by the calculations. The difference between the
detection of positive ions without mass selection should perform experiment and calculation can be partially explained by the
with great care in order to eliminate any contribution from underestimation of the attractive wett64 meV atR = 2.5 A
impurities. It should be mentioned that the beam characteristicsand® = 90°) for the present QCISD calculation. In fact, Yencha
of the HCI gas between these experiments are different from et al!! pointed out that the depth of the attractive potential well
each other: we introduced HCI gas at 300 K, whereas Parr et(~84 meV for X state estimated from the edge shift) was larger
alf% used it at 160 K. Therefore the difference may arise from because of the shallow potential wettZ0 meV) for the exit
the different beam character. At 160 K, even in the effusive channels. In addition, theoretical calculations suggest that the
beam condition, the HCI dimer can be fornfddt seems that HCI bond stretch because of the approach of the He* atom is
the result of Parr et & contains a certain contribution from  a slightly larger attractive effect as discussed later. Therefore,
the dimer, because a cross section of the cluster may be a coupléarger absolute values of CEDPICS for bands 1 and 2 in the
of magnitudes larger compared to that of the monomer as foundexperiment can be rationalized to the above arguments. Here,
in the other reaction systefA.On the contrary, present results we have to mention that an inclusion of this stretching effect in
purely arise from the reaction of the HCI monomer with the the trajectory calculation has not been performed because of
He* atom. the difficulty in estimating the magnitude of bond stretching at

Negative CEDPICS of bands 1 and 2 indicate the existence various conditions: impact parameter, collision energy, and
of an attractive interaction potential around the molecule. Orientation of the reagents.
Negative peak energy shifts were consistently observed for C. Rydberg HCI** States. Arguments for a sizable entrance
bands 1 and 2, whereas band 2 shows a very small peak energghannel attraction above might be partially responsible for the
shift as summarized in Tables 1 and 2. Obtained peak energysignificant deviations of the vibrational distribution from the
shifts are in good agreement with past studies. Model potential Franck-Condon expectation, in the sense that HCI bond
calculation of the present system shows attractive interaction stretching occurs upon approach of the He* atom, finding (2).
for the side way approach of the He* atom toward a HClI However, a major potion of the spectrum, namely, the vibra-
molecule (i orbital region) and repulsive one for the collinear tional population of HCI(X, v = 0,1) and HCH(A,v' = 0—4),
direction along the HCI bond axis ¢uci orbital region). On is almost identical to the He | UPS. Thus, it is natural that a
the basis of a zero impact parameter model, it may be puzzlinglong progression of vibrational bands in the X state can be
that both the experimental and calculated CEDPICSs for band ascribed to a different origin from the normal Penning ionization
2 show negative character, because the electron density distribumechanism. As suggested by Yencha etathe origin of
tion for the corresponding molecular orbital has major contribu- vibrational progression’ > 1 should be related to the formation
tion around the repulsive interaction region. It has been fairly of an autoionizing superexcited state of HCI close to the
well recognized that the zero impact parameter picture is too excitation energy of the He*¢3) atom. A similar superexcited
simple to figure out the true nature of reaction dynamics. The state was also found in Ne | UPS, where excitation up' te
negative feature of band 2 is an indication that this band contains13 in HCIt(X) was found and attributed to an autoionizing
a certain contribution related to molecules imposed attractive transition originating from unknown superexcited state of HCI
interaction at the collision event. It is easily recognized that for that is energy-resonant with each of the Ne | lines (16.848 and
the trajectories having larger impact parameters the glancing16.671 eV)?® The absolute slope value of the CEDPICS for
collisions of the He* atoms with the HCI molecule along its the corresponding region labeled as bah@larger than that
molecular axis play a dominant role, because the trajectoriesof any other bands, which indicates the strongest attractive
for smaller impact parameters relevant to the collinear approacheffect. Indeed, Palmieri et &. have presented an ab initio
to the bond axis only yield a small ionization cross section. It calculated potential energy surface of thett HCI system for
is noted to mention that, although the trajectories of the He* a larger number of molecular geometries, showing that bond
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1000 - formation of the autoionizing CI** atoms was proposed with

%00 0° excitation transfer

”\3 He(ZS) + HCl — He + HCI**
----- HCI* — Ht Clv

V(R)/ meV
P (=3
g 8

200 - which finally results in autoionization

Chk* —Clt+e

2 3 ¢ 5 6 to produce the sharp electron peaks as well as the underlying
broad continuum. Similarly, we observed a steplike-rise at 1.4
500 l 90° eV followed by a structureless band (feature 3). It is important
to mention that the resolution (60 meV) of our spectrometer
600 was lower than that (1718 meV) of Yencha et & Thus, the
lack of observation of atomic structures can be attributed to
the relatively low resolution in combination with the weak
200 4 intensity of these features. As mentioned before, the observation
_\‘ of collision-energy-dependent cross sections provides valuable
\Dﬁinfigi-.*--_'_---_'_'_._-_' information about the interaction. The absolute slope value of
200 i . . . CEDPICS for this band is the smallest among the bands
2 3 4 5 6 observed, which indicates either weak attractive or repulsive
1000 - RIA potential character around the avoided crossing betweer-He*
HCI and He-HCI** potential energy surfaces. The knowledge
800 1 180° of the He*~HCI and He-HCI** potential energy surfaces
would be very helpful. Someda et'8lcalculated these potential
energy surfaces by a SEEI method in order to investigate
400 1 the dissociative excitation of HCI in collision with the He3®
200 ENN atom. The calculated potential energy curves were found to be
\\\91\ anisotropic with respect to the angle of appro&otf the He*
0 W Reheguns-a-au-0-0-2-0 atom. On the basis of the calculated potential energy surfaces,
they proposed the dissociation mechanism into the H and ClI
20— T T atoms: when the He*E8) approaches HCI, the motion of the
R/A zero-point vibration of HCI causes the transition from the
Figure 5. Entrance potentials for directions of ®C°, and 180 with He*(2%S) + HCl to He+ HCI** through the avoided crossings.
respect to the HCl axis at a few HCI bond distances obtained by the They focused their discussion on the thermal collision accessible
MP2/6-31H+G** calculations. @) HCI bond distance is 1.247 A, by two states, ZX*-4s and 1*I1-4p, and concluded that the
(@) r=1.35A and W) r = 1.45 A, which correspond to the bond  HC**(2 25+-4s) could be the dominant final channel. It should
e 2 et e o i "1 be mentioned thal the HCI*(25"4s) sate is nl direcory
‘ correlated to the CI3P,,1) but to CI"(!D,) at the dissociation
limit. On the other hand, Yencha et'alsuggested that the HCI-
(1 “IT-4p) state might be a candidate for one of the precursor

V(R)/ meV

600

V(R) / meV

stretching in the HCI molecule by Li approach from any
direction is a quite important effect. Independently, we have

performed similar calculation at a few HCI bond distances by States of the CI** 3f('D;)nl states, assuming that the HCI*(1
; : “T1-4p) state would decay into lowering HCI**(3A-nl) states
using the second-order MgllePlesset perturbation theory

(MP2) with 6-31H+G** calculations as shown in Figure 5 by curve crossing, because the HCI*A-nl) states is energy

and found equivalent results. Namely, attractive interaction eSonant with He*(2S) and dissociatirég into the H CI™
becomes larger with the increment of the bond distance. These3P'('D2) 4s, which correlates to the Q Zisl) formation. The
findings should be closely related to the indication of the largest c@lculated potential curves by Someda et'andicated that the

attractive effect for band’ lbecause avoided crossing between avgidgd crossing between th? HeHCI**.(l “I1-4p) and the
the He*~HCI and He-HCI** surfaces should occur at the € (23S) + HCI only appears in the collinear approach of the

longer HCI bond distance than the HCI molecule in the ground H€” atom on the Cl end of HCL. In this respect, the ionization
state. Furthermore, Yencha eftatoughly estimated the upper event for band 3 should be governed by the repulsive interaction
limit of the well depth of this broad band to be 410 meV by around the Cl atom. This is consistent with the smallest absolute

the difference between the nominal eneflyand the lowest ~ SIOP€ value of CEPMCS for band 3, because the Cl end-on
emitted electron energy taken as the 10% point of the peak approach qf th(_a He* atom to t_he _HCI shows repulsive interaction
maximum intensity on the low energy tail. This is also consistent 25 shown in Figure 4. This finding may support the formation

with our conclusion that the attractive interaction becomes larger Mechanism of CI**{D;) proposed by Yencha et &l.

with the increment of the bond distance of HCI.

Yencha et at! clearly observed the atomic structured region
superimposed on an underlying broad band below an electron We have measured the two-dimensional PIES of the HCI
energy of 1.42 eV. They identified the four series ns, ng, nd molecule with the He*(3S) atom. In addition, we have
and nd with the core configuration Cl §fD,), autoionizing performed classical trajectory calculations of the reactants on
the CI** atom to the two final states CI3p*(P,) and Ci the model potential energy surface obtained by ab initio
3p*(®P.). Moreover, the production mechanism leading to the molecular orbital calculations. CEDPICS shows negative char-

VI. Conclusion
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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 HCI molecular axis
takes a crucial role to produce H@K 2T, v/ = 0,1) and

HCI*(A 2=). Furthermore, reaction pathways for generating
the CI** autoionizing atoms were dominant for the collinear
approach of the He* atom on the Cl end of HCI molecule.
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