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Collision-energy/electron-energy resolved two-dimensional Penning ionization electron spectra
(2D-PIES of N,, CO, and CHCN with metastable Hg2 3S) atoms are measured, and classical
trajectory calculations with anisotropic entrance and exit potential energy surfaces are performed for
these systems. Numerical qualities of the entrance potential surfaces are decisively important to
understand the collisional ionization dynamics as well as to reproduce observed 2D-PIES, whereas
the exit potential surfaces are less sensitive to the collisional ionization dynamics and the electron
spectra except for special cases in which a deep potential well is relevant in the entrance potential
surface.Ab initio calculations of both entrance and exit potentials as well as ionization widths are
found to be reliable in obtaining their anisotropy and radial dependence with good quantitative
accuracy. ©2002 American Institute of PhysicgDOI: 10.1063/1.1503312

I. INTRODUCTION intensities in a Penning ionization electron spect(@ES.?
Branching ratios for production of various ionic states of the
One of the most fundamental problems in chemicalmolecule M can thus be estimated from relative band in-
physics is to understand how chemical reactions take placgensities of PIES. Based on the electron exchange model pro-
That is, how reactant particles make their journey to prodposed by Hotop and NiehaBisipnization into a particular
ucts. In order to elucidate chemical reaction dynamics, it ifinal ionic state should take place with a high probability
important to study details of time evolution: how particles when the & orbital of the He atom overlaps effectively with
behave from initial states to final states. In addition to suchhe target molecular orbital from which an electron is re-
state-to-state dynamics, spatial characteristics of elementaroved. Branching ratios estimated from relative band inten-
reaction processes are of great importance for collisional resities of PIES can be well described with electron densities
actions involving anisotropic particles. Reaction probabilitiesoutside the repulsive surface of the molec(g&terior elec-
in a single-collision condition are decisively sensitive to rela-tron density; EED.°~8 The exterior electron model for Pen-
tive geometries of reactant particles. Thus, stereo dynamiasing ionization has been used to understand reactivity of
in collisional reactions should be studied in detail by theorymolecular orbitals of various molecules in connection with
and experiments. the anisotropy of orbital functions as well as their stereo
One of the simplest reaction processes including collichemical environmentsSensitivity of Penning ionization to
sions is a chemi-ionization process known as Penning ionthe exterior electron distribution has been compared with
ization (A*+M—A+M;"+e");' a molecule M collides electron momentum spectroscopic studiés.
with an excited atom A [such as a metastable He 3S) Another important variable of collisional ionization is
atom] having an excitation energy larger than the lowest ionthe collision energy E.) between A and M?~*because
ization potentiaklP) of the molecule, and then M is ionized jonization cross sections are in general functions of the rela-
into an ionic state of M to eject an electron'e The kinetic  tive kinetic energies between the colliding particles. Al-
energy of the electronHy) ejected in the ionization process though the collision energy dependence of total ionization
depends on the respective ionization potential (i#pduc-  cross sections has been studied extensively by detecting pro-
ing the corresponding ionic state of M If several electronic  duced ions or quenching rates of metastable aténtécol-
states of M can be produced, the total ionization cross seciision energy dependence of “partial” Penning ionization
tion oy is the sum of the partial ionization cross sectionscross sectionSCEDPICS has eluded observation for a long
o, Although o can be observed by detecting producedtime. CEDPICSs for molecular targets were first observed by
ions, o) should be measured by a sophisticated techniquesing an electron spectroscopic technique combined with
analyzing produced ionic states. An application of electronime-of-flight selections of velocities of metastable
spectroscopic techniques to Penning ioniz&timas made atoms!®-2! Recently, we have developed a collision-energy/
it possible to observe partial ionization cross sections as banglectron-energy resolved two-dimensional Penning ioniza-
tion electron spectroscopi@D-PIES technique?? in which
JAuthor to whom correspondence should be addressed. Electronic maifh® produced electron intensity is observed as a function of
ohnok@qpcrkk.chem.tohoku.ac.jp both E; andE,. This 2D-PIES technique also enables us to
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observe collision-energy resolved Penning ionization eleceuter electron, the velocity dependence of the total scattering
tron spectrd CERPIES.?® Although collision energies were cross section of Hg2 3S) by He, Ar, and Kr is very similar
selected stepwise, CERPIES were also measured fdo that of Li(22S),%° and the location of the potential well
He* (21S) + N,11242and He (2 135) + Artl 26 by means of and its depth are very similar for both Hg3S) and
crossed supersonic beams. Li(2 2S) with various atomic targets:>? Therefore, in place

Fundamental theories of Penning ionization for anof He*(23S) a ground-state Li atom has been used in cal-
atomic target were established by Nakaniliend Miller?®  culations ofab initio model potentials fovV* .4>=%° Aniso-
These theories require the ionization widthor the ioniza-  tropic interaction potentials between a Li atom and mol-
tion transition rate/V as well as the interaction potentials of ecules have been studied in many other fields; charge
collisional ionization processes for both the entrane&)(  transfer and van der Waals interactions for NI+ Li has
and the exit ¥*) channels. Applications of these theories tobeen studied in connection with matrix ESR stutflesnd
simple atomic targets such as H and Li atoms have bee@as phase cluster studi®Directions of the attractive poten-
performed in a straightforward way; collision energy dependial wells have been discussed for gBl+He*,*® Ne*,*’
dence of Penning ionization cross sections for atomic targe@nd CHCh+ Ar*.>® Recently,ab initio Li model potentials
have been calculated by usimp initio potentials andab ~ have been improved for N-He* and COrHe*.*
initio ionization widths combined with a classical trajectory ~ As for exit potentialsV™ between molecular ion and a
theory?®3° or a quantum-mechanical scattering thedrl? ~ ground-state He atonab initio calculations for N +He>
Numerical calculations of CERPIES have also been perwere applied to Penning ionization system of*i2's)
formed for Hé (2 3S) + H23032and He (23S)+Li333us-  +N,.% Various levels of calculations fov* of He* (2 °%S)
ing ab initio potentials andb initio ionization width. Some  + N have been compared in detail for theoretical reproduc-
semiempirical treatments for the ionization width were em-tion of 2D-PIES#* almost no substantial difference of inter-
ployed for H& +He*34 and He (23S) +H, Li, Na® More-  action potentials was found between the outer valence
over, semiempirical functions were used for both potentialg3reen’s function methodOVGP® and the multireference
and width for Hé& (2 135) + Ar.?22636 Recently, Ishida and single and double excitation configuration interaction
Katagir’ did ab inito molecular orbital studies for Method(MRSDCI), and even Koopmans’ approximation us-
He* (2135)+Ar, and showed thatab initio ionization ing Hartree—Fock orbital energies gave satisfactory interac-
widths for both singlet and triplet Hedeviate from the tion potentials in good agreement with the observed
single exponential form commonly used in many studies. 2D-PIES! This indicates thaab initio calculations of inter-

In order to perform numerical calculations of CEDPICS action potential functions are much more difficult for the
and CERPIES for molecular target systems, anisotropic par@ntrance channel rather than for the exit channel.
of potential functions and ionization width should be deter-  Although many studies employed the single exponential
mined precisely. Appropriate estimation of anisotropy hadorm for the ionization widtH" in combination with the Leg-
been a major obstacle except for a very simple system ggndre expans.ion for its angular part, this may not b_e suitable
He* (2 %)+ H, for which ab initio calculations and quan- for the following reasons(1) As suggested by Ishida and
tum scattering treatments have been made by Cohen artftagiri” its radial dependence is not pecessanly a sllngle
Lane3® Dunlavy et al. have performed quantum scattering €xPonential, and2) the Legendre expansion cannot be fitted
calculations for CERPIES for Hé2S)+N, by using eaglly for highly anisotropic .sy'stems.. In order to .take the
semiempirical potential functions and ionization width com-radial and angular characteristics bfinto account in the
bined with Legendre expansiofsishida and Horime have ™MOre realistic levels of app_roxmatloab initio calculat|0n_
made ab initio calculations of CEDPICS for Hd2 3S) using molecular wave functions should be made for the ion-

+N,.3°-4* Ogawaet al. have performed considerably sim- 1zation width. _ _
plified calculations includingb initio model potentials and In this study, theoretical construction of 2D-PIES based

- g . 3
jonization width to yield satisfactory agreement with ob- N @b initio calculations were made for N He"(2°S),
served CEDPICS for I-fe(23S)+N242 and Heé (239) CO+He*(2°S), and CHCN+He*(2°S) as typical sys-
+CH,CN.*® Based on theab initio models, observed 2D- tems, and results were compared with observed 2D-PIES.

PIES including both CEDPICS and CERPIES have beerPPtical potentials in the collisional reaction process, real
compared with calculations for F€23S)+N,* and for parts of the entrance potentigl together with the imagi-
He* (23S)+C0O.% nary part of the ionization width', as well as the exit poten-

tial V* were discussed in connection with their significance

Since the entrance potentMf is embedded among ion- . ; )
in the stereo reaction dynamics.

ization continuaab initio calculations ofvV* for molecular
targets are hardly done except for *He13S)+H,,%®
He* (2%9) +N,, ™ and HeE (2°S)+H,0;"" ab initio po- | eypepIMENT SECTION

tential curves were obtained by the Feshbach projection op-

erator method®“°An alternative approach avoiding the dif- The experimental apparatus used in the present study has
ficulty associated with the very high excitation energy of thebeen reported in previous papé?s?>A metastable beam of
superexcited state is a replacement of the metastable rare gde was produced by a nozzle discharge source, and the
atom with the corresponding alkali atom on the basis of theHe* (2 1S) component was quenched by a water-cooled he-
well-known resemblance in interaction with various atomiclium discharge lamp. The metastable*{i2 *S) beam was
targets>’~>3 because of the outstanding importance of thepulsed by a mechanical chopper and then introduced into a
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collision cell located 504 mm downstream from the choppeimodel potentiaV, for the system of M-Li(2 2S) was cal-
disk. The kinetic energy of electrons ejected with Penningjated in place of the entrance interaction potenditifor
ionization was measured by a hemispherical electrostatif 1 Hex (2 3S) on the basis of the well-known resemblance
deflection-type analyzer using an electron collection anglgetween H&(2 3S) and Li(22S).%°-53The Li model poten-

90° to the incident He(2 3S) beam. The transmission effi- tial V, was obtained from the following equation:
ciency curve of the electron energy analyzer was determined

by comparing our He | UPS data with those of Gardner and Vo= Ewmi — (Em+EL), (4)
Samsoff and Kimuraet al®® The energy resolution of the
electron energy analyzer was 70 meV in the measurements\)cg1
N, and CO to obtain the vibrational structures and 200 me

for CH3CN estimated from the full width at half maximum Li model potentialsV, were calculated for pi Li, CO

+ 2 ;
(fwhm) of the Ar"(“P3,) peak in the He | UPS. The back- +Li, and CHCN+Li systems instead of N-He,

ground pressure in the reaction chamber was on the order @oJrHe* and CHCN-+ He* . TheGAUSSIAN progrant* was

10""Torr, and the experiments were performed under %ised with the following optional treatments: Fog-NLi and

—5
sam_IE)rI]e pézcssurle O.I Cg.)?.g t'TorIr. btained CO+Li the coupled cluster method including single, double,
b € ne veloclty 'Sfrf'l_ uh'cfrnOHe*(';He“i) was obtaine q and optional triple excitation CCSD) with 6-311+G* basis
y measuring a time-of-fligh{TOF) of electrons emitted oo \yore used, and for GEBN+Li the second-order

from a stainless-steel plate inserted into the collision celly, .. bjesset perturbation theory was used to include elec-
since TOFs of secondary electrons from the metal surface tﬁ‘on correlation effects with the basis set of 6+3%G**

the detector are negligibly short in comparison with that of
the H& atoms. The 2D Penning ionization electron intensity
of sample moleculek,(E,t) as functions of electron kinetic
energyE, and timet was converted tdo(Ee, 710 as func-
tions of E, and TOF of the H& beam. Thd ((E,, 7o) can
lead tol(Ee,vher) as functions ofE, and velocity of H&
atoms vy« . By the following equations, the 2D Penning
ionization cross section(E.,v,) was obtained:

ereEy, Em, andE,; are the total energy of the inter-
ting system(M+Li), the isolated moleculéM), and the
isolated Li atom, respectively.

Full counterpoise meth8d was employed to correct the
basis-set superposition error. Molecular structures were fixed
at experimental equilibrium geometries. This treatment
means that intramolecular nucleus motions are negligibly
slow in comparison with the motion of the He atom colliding
with the target molecule. Although the experimental condi-
tion of the collision energy rangea. 70—400 meYis in a
marginal region, this frozen molecular structure approxima-
le(Ee, VHer ) Vher tion has been found to be reasonable in the previous studies
- D for He*(239)+N,, He*(239)+CO, and H&(23S)
+ CH3CN.#2=%°¥ gych a vibrationally adiabatic treatment

,  3kgT has also been employed for H& 1S) + N, by Dunlavy and
=\ Ve T @ siska®

In the cases of h+Li and CO+Li, the potential energy
surfacesVy(R,#) were obtained as functions & and 6,

o(Eg,v,)=C————
(Bev) = o) 7

wherec is a constanty, is the relative velocity averaged
over the velocity of the target moleculg; is the Boltzmann whereR is the distance between the(Hie*) atom and the

constant, and” andm are the gas temperature and Fhe MaSenter of mass of the moleculX), 6 is the polar angle from
of t_he target_molec_ule, respectl_vely_. The cross section in Edhe molecular axis. Interaction potential energies were calcu-
(1)*'5 normahz_ed with the veIpmty distributionex (vpes) OF  |5teq at 145 points for different orientation of Mith respect
He® beam. Finally,o(E., ) is converted too(Ee,Eo) by Li(He*) and 186 points for C@Li(He*). In the case of
the relation CH3;CN+Li, the potential energy surfac¥y(R, 6,¢) was
E.=uv? (3)  obtained as functions dR, 6, and ¢, where ¢ is the polar
angle from the CCN axis of C}CN, and¢ is the azimuthal
angle. Interaction potential energies were calculated at 580
points for different orientation of CHCN with respect to
Li(He*). Potential data were interpolated with cubic spline
The most important theoretical quantities of Penningfunctions to obtain the potential energy at arbitrary orienta-
ionization are the following functions: the interaction poten-tion of the He atom and a molecule. In order to obtain the
tial V* for the entrance channéA*+M), the interaction —maximum efficiency to reduce essential data points, as well
potentialV;~ for the exit channel (A M,"), and the ioniza- as to minimize inaccuracies associated with interpolations,
tion width ") for the electronic transition causing ionization the following procedures were employed) At first, spline
of the molecule into théth ionic state associated with the treatments were taken along radial directions from the center
deexcitation of the metastable atom to the ground statedf mass of the molecule, since the asymptotic properties at
When these functions are given, various aspects of Pennirifje shorter and the longer distances are well-knoi@nin
ionization can be calculated with appropriate descriptions ofhe second step, spline treatments were made for circular
collision dynamics. directions along with circles of suitable radii for which po-
tential values at crossing points with radial axes could easily
be obtained from the splined data determined in the first step.
In order to avoid difficulties associated with highly ex- (3) Potential values at arbitrary points were obtained from
cited electronic states embedded in ionization continua, a Lihe splined data in the first two steps at any instance of tra-

where u is the reduced mass of the colliding system.

IIl. CALCULATIONS

A. Entrance potential energy surface
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jectory calculations; a radial spline along a direction includ-where,sand ¢; are the 2 orbital of He® in the initial state
ing the sampled point was performed by using already deterand theith orbital of the target molecule, respectively, and
mined circular splines for various radii to yield the potential ¢, and ¢ i) are the He % orbital in the final state and the
value of the sampled point very efficiently. ejected electron orbital in the continuum, respectively. In

In the case of Bl and CO, the lower energy parts of case of H&(23S), the first term vanishes because of the
repulsive potential walls in the entrance potentials werespin inversion. The remaining second term in E).can be
found to be especially important to reproduce CEDPICS an@pproximated as a product of two overlap integrals

CERPIES; therefore, a linear scaling method has been used _ .
in the preViOUS studie .,44,45 C<¢I| lr/,lS><l//25| ¢6(')>’ (9)

scale _ whereC is a constant factor obtained by replacing to an
Ve R, ) =aVy(R,0), (5) average valué® This overlap approximation in Eq9) is

where a is a scaling constant. Recently, the more flexiblebased on the Mulliken approximation for the two electron
treatment using exponential correctiof&C) has been pro- integral{pr|qgs)”

posed for improving thab initio Li model potentials?® In —(1/4

the present study, the EC model was used fgi-Ne* and (prlas)=(2/4)(pla)r|s){(pplrr)

CO+He*. In the EC model, the following potentidgc is +{pp|ss)+{(qq|rr)+{(qqss)}. (10
introduced:

This approximation has been widely used in semiempirical
molecular orbital theories as well as in semiempirical treat-
Vec(R,0)=Vo(R,0)— E. AiPi(cosf)exp(—R/B). (6)  ments for electron transfer rates in various electron transport
phenomena including charge trandferand exciton
Here,R is the distance between the Hgi) atom and the jffusion’® Since the 2 and continuum orbitals are very
center-of-mass of the moleculé,denotes the angle of the jtfyse, anisotropy of the ionization width is mainly gov-
vector R directing to the H&(Li) atom from the center of ered by the compact Hesland ionized molecular orbitals.
mass with respect to the molecular axs(cosd) is theith-  Thys, the following formula can be used as the ionization

order term of Legendre polynomials, aAg andB are pa-  idth for the purpose of the present study:
rameters to be optimized. For,M He* and CO+He€*, opti-

mized model potentials oVg(R,0) were used as the TV=KY(¢ilyns)l?, 1D
entrance potentials™. where K() is a constant value for each ionic state that is
In the case of CBCN, the nature of the entrance poten- determined in order to reproduce observed ionization branch-
tial is decisively governed by the deep potential well of ca.ing ratios and collision-energy dependence. Orbital functions
380 meV around the CN grou As for nitrogen or oxygen ¢ and ;. were obtained fromab initio self-consistent field
containing molecules having a deep potential well with a(SCH calculation for the neutral molecule and a He atom
He™ atom, Li model potentials have been found to be satiswith the same basis set as used in the potential calculations.
factory in connection with observed peak shifts with respecit should be noted here that bo# and i, are orbital
to the corresponding photoelectron bafiis? Since the  functions for the ground states, since the molecule in the
modification technique o¥gc requires a very high compu- jnitial state and the He atom in the final state are in their
tational cost, especially for highly anisotropic systems, the Liground electronic states. It should also be noted that if the
model potentiaM, was employed a¥* for CH;CN+He*  overlap integral in Eq(11) is replaced by a single exponen-
in the present study. tial function of the distanceR, then the expression for the
ionization widthT'™") will become the commonly used semi-
empirical formula’”"®In the present study, in order to con-

B. lonization widths sider anisotropic properties as well as distortion of the radial
The ionization width'™ of the entrance potential for dependence from the single exponential form, the overlap
producing theith ionic state is given by approximation of Eq(11) was employed.
0 =20 (ol ol 02, @
0 . . . . C. Classical trajectory calculations
wherep is the density of final state$], is the electronic ! jectory calcliat

Hamiltonian, andb, and® (" are the electronic wave func- In this study, the dynamics of Penning ionization was
tion for the initial and final states, respectively. By usingdescribed within a classical treatm&nin order to obtain

Slater determinant wave functions composed of one-electro@EDPICS and CERPIES. The molecular structure was fixed,
orbitals for both initial and final states, the integral in Eg).  and the relative motion between the center of mass of the

can be approximated as molecule and the Heatom was determined by the equations
of motion. Initial rotational energies of the molecule were
<q>0|He||¢<i>>~<¢25(1)¢i(2)|i| Prid 1) bin(2)) generated so as to fit with the Boltzmann distribution at 300

iz K, and the impact parametbrwas set randomly from 0 to 7

1 A for N,+He* and CO+He* and from 0 to 9 A for
—(hod 1) §i(2)|— h1d 2) pir(1)), CH;CN+He*. The rotational motion of the molecule was
f12 treated in terms of the quaternion parameters using Euler
(8)  angles’®®0Once a set of the initial parameters of a trajectory
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was determined, then time evolution of these parameters wasnetic energy of the relative motion between the reacting
calculated to obtain the trajectory. For a particular initial col-particles is conserved on a vertical transition in the adiabatic

lision energy, 3000 trajectorie 0000 for CHCN+ He*)

were calculated with various initial parameters randomly

generated.

approximation.
The exit potential surfaces were calculated for three
ionic states of N +He and CO + He and for four states of

In each trajectory step, a partial transition probability CH;CN*+He. Each exit potential surface was obtained

P in a time intervaldt was expressed as follows:

PO(t)dt=S(t)W(R(t))dt, (12)
(i)

WI(R)= I ﬁ(R), (13

S(t)=1-2, PR(D), (14)
. t

Pl = | Pt (15

whereW( is the transition rate to thi¢h ionic state andR is

the relative position of He with respect to the molecule,

which is specified by, 6, and¢. S(t) is a statistical survival
factor for the metastable Pleatom at a particular time This

factor can be considered as the survival probability of khe
the excited state as a function of tirhéor a function of the
geometrical position along the trajectonplthough in a real

from the vertical ionization potentia(lP) for N,+He,
CO+He, and CHCN+He in their neutral ground states.
The procedures for obtaining multiexit potential surfaces
are as follows. The interaction enerdfs(R,68,¢) of the
neutral ground state was calculated, and then the vertical
IP [IPY(R, 8, 4)] for the ith ionic states as functions of the
distanceR, the angled, and ¢ was added to th¥ (R, 6, ¢).

The exit potential energy surfaOé(ﬁ)(R,0,¢) with the ith
ionic state was thus obtained by the following equation:

V(i (R,0,6)=Vg(R,0,¢)+IPV(R,0,¢)— PV (),
(17

where 1) () is IP of each molecule at the infinite distance
between the He atom and the respective molecule. The outer
valence Green’s functiofOVGF) method® was used for
calculating the IPs. The relative energies of exit channels
Eg)(R, 0, ¢) to the ground state were obtained by corrections
with observed IP§2 IP{) (=), of each molecule at the infi-

trajectory the ionization event occurs at most once at a cemite distance between the He atom and the respective mol-
tain position on that trajectory, one may treat a bundle of theecule

same trajectories in a statistical way for computational effi-
ciency. Thus, the integrated partial ionization probability

PRI(Y) is also a function of timéor positions, which can be  Ajthough calculated IPs by OVGF method for isolated mol-
determined by integration of partial ionization probability ¢cyjes are in good agreement with the observed values

PO(t) before timet (or before arriving at the position itin  difference of 30 meV, these discrepancies may also
Then, the S%V'Val factoB(t) can be obtained from the sum- conyripyte to the total discrepancies in the theoretical 2D-
mation of Piy(t) over the pos(?;ble ionic states. The transi-p|Es (or CERPIES. Since our purpose is to discuss colli-

tion rate to theith ionic stateW'” can be evaluated with the gjona| jonization dynamics and to understand the reaction

ionization widthsI'" at each geometrical configurations of pyocesses in connection with interaction potentials and ion-

E(i)(R.0,¢)=1PG{) + V(R 6,0). (18)

He* and a molecule.

The partial ionization cross sectiom() was obtained
from ionization probabilityP®)=pP{)(s) during the whole
span of the trajectory with a weight factor ofrb db:

ization widths, the IPs for the infinite distance were taken
from the observed photoelectron data rather than the calcu-
lations.

The structure of the molecular cation was fixed at the

structure of the neutral form, since the electronic transition
can be described as a vertical transition in the collisional
ionization. The electron kinetic enerds{’(R,6,#) at an
Here,b is the impact parameter. Since the initial conditionsarbitrary orientation of a molecule with respect to the He
for the molecular orientation and the direction of the angularatom can be calculated by

momentum vector are randomly generated to yield an isotro-
pic treatment, each trajectory with a particular impact param-
eter can be treated with an equal weight to lead to the inte-

. : : where the relative energy of the entrance channel to the
gration of Eq.(16). Theoretical CEDPICS were obtained : A
from partial ionization cross sections) for various colli- grou_nd_ s_tate s denoted &y(R, 0, ¢), WE'Ch Is 19.82 eV at
sion energies. the infinite distance between the H °S) atom and the

molecule. By accumulating the electronic transition probabil-
ity for the respective electron kinetic energy at each trajec-
tory step, the collision-energy resolved PIEERPIES was
In order to obtain theoretical CERPIES, the kinetic en-obtained.

ergy of the ejected electron at each trajectory step should be Vibrational structures in CERPIES were constructed by
calculated as the potential energy difference between the ewlistributing ionization probabilities according to the Franck—
trance and exit channelsThis relationship among the Condon factors and vibrational frequencies; for tNeoreti-
ejected electron energy and the entrance and exit potentiahl value§® were used, and for Cand CHCN® observed
surfaces is based on the commonly used assumption that tilata for photoelectron spectra were employed. In this treat-

o-<i>=f 2wbPYdb. (16)
0

EV(R,0,¢)=Eo(R,6,6)—E[ (R, 0,8), (19

D. Exit potential energy surfaces and 2D-PIES
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FIG. 2. The entrance potential energy curva& (R,0) for CO
FIG. 1. The entrance potential energy cur¥&q(R, 6) for N,+He* (2 3S) +He* (2 3S) obtained from the EC model potential calculatidisee Eq.
obtained from the EC model potential calculatisee Eq(6)]. Optimized  (6)]. Optimized parameter sets were listed in TableRlis the distance
parameter sets were listed in TableRlis the distance between K 3S) between H&(2 3S) and the center-of-masg¥) of CO, andé denotes the
and the center-of-mass of,Nand@is the angle from the collinear direction. CXHe* angle. The contour maps for the repulsive boundary positions are
The contour maps for the repulsive boundary positions are shown with aghown with an energy spacing of 100 meV.
energy spacing of 100 meV.

effect is also responsible for the very hard repulsive wall
ment, intramolecular potentials of the ion were assumed natbove 80 meV, since the downward deformation of the po-
modified by the presence of the He atom. The bandwidth ofential curve from a simple exponential decay at the distance
each vibrational peak was broadened by a Gaussian with @f ca 2.5-3.5 A explains both behaviors fér0°.1°
full-width at half-maximum(fwhm) of 155 meV, which was In the case of C@He*, calculated model potential en-
estimated from the apparatus function. Theoretical 2D-PIE®rgies were also almost all positive around the CO molecule.
was obtained from a number of CERPIESs with differentThe calculated van der Waals well depth-i41.5 meV at

collision energies in the interval d&,=10 meV. R=4.55 A for the almost perpendicular directiofi=80.39).
The repulsive potential wall for the collinear directions

IV. RESULTS AND DISCUSSION (6=0° and =180° becomes steeper at th.e hlghe.r collision
energy range than that for the perpendicular directién

A. N,+He*(23S) and CO+He*(23S) =90°). Although this propensity is similar to the case of

Figures 1 and 2 show the entrance potential energiN2"HE", crossover collision energies are 30 meV for
curvesV* (R, 6) obtained from the EC model potential cal- ¢=0°(C-atom sid¢ and 70 meV forf=180%0-atom sidg
culations. The contour maps for the repulsive boundary po[eflectlng the anisotropy. This difference in the energy range
sitions are also shown with an energy spacing of 100 me\pPf the soft spot, whgre the doyvnward deformation effect oc-
Parameters for the EC model were determined so as to r&Urs on the potential curve, is also related to the relative
produce observed CEDPICS as well as branching rafios. hardness of the potential wall at the higher energy region that
Optimized parameter sets were listed in Table 1. The naturéauses the slope of the CEDPICS for thetate being more
of the obtained parameters will be discussed in Sec. IV D. flattened with respect to that for thg state.

In the case of B+ He*, calculated model potential en- By collision with He" (2 °S), N, and CO molecules can
ergies were positive almost all around the Molecule, ex-  be ionized into three ionic state%(zzg), A(?ll,), and
cept for a very shallow van der Waals well. The calculatedB(%3 ) states of N correspond to the removal of an elec-
well depth is—9.22 meV atR=4.88 A for the perpendicular tron from the 3y, 17y, and 20, molecular orbitals of B,
direction (#=90°). For repulsive potentials, the intensity of
2D-PIES is expected to increase with increasing collision . _ _

. . TABLE |. Optimized parameterdA; and B in the correction term of
energy, becags_e coII|S|o_n partr_lers can mteracF more cl_()selﬁyipi(cose)exp(fR/B) [see Eq. (6)] for N,+He*(2%S) and CO
at higher collision energies to increase the ionization width.; Hex (2 3g).

In the collision energy range larger than 80 meV, the repul=

sive potential wall for the collinear directid@=0°) is much No+He* (2°S) CO+He*(2°%)
steeper than that for the perpendicular directi@r90°). A /mev 941 (+5) 2870(+3)
On the other hand, for collision energies below 80 meVA,/mev 296 (+4)
the slope of the potential wall is considerably softened forA2/meV *37(9(4:)7)6 —1300(=4)
—0° i iq o« " i A,/meV 0(x7)?
6=0°. The origin of this “soft spot” has been discussed as s 1.104(+0.0147 0.861(+0.009?

the sp hybridization effect of atomic orbitals on P€.i)
atom?93883-85|t should be noted that thep hybridization  *Estimated uncertainties in Ref. 59.
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100 meV

RIA FIG. 4. The calculated exit potential energy curwﬁ(R, 6) between CO

: : +
FIG. 3 The caleulted exit potenial energy cuniy(R) for N; - 2T E L T8 SR O e o e repulive bouncir
+He. Ris the distance between He and the center-of-mass;af &hd 6 is gle. P P y

e . . = +
the angle from the collinear direction. The contour maps for the repulsivei)oi"t'onS are 2'53 shown with an energy spacing of 100 ¥ "),
boundary positions are also shown with an energy spacing of 100 meVA(’IT), andB(°%™) denote the electronic states of CO

3((223), A1), andE(ZEJ) denote the electronic states of N

=1.00:2.07:2.55 for C@He*. Collision energy depen-
respectively. For CO, 3‘<(22+), 'A(ZH), and§(22+) states dences of band intensities, peak posr_uons, and banQW|dths

are well reproduced by the present trajectory calculations.
The collision energy dependence of the band intensity in
PIES shows strong anisotropy of the entrance potential

+He. The contour maps for the repulsive boundary position%g:aggégievﬁusoecierseﬁﬁggn;C gggtsol :lnor;ln rZZZEI:sg tl(c)m;za-
are also shown with an energy spacing of 100 meV. Exit ) Y PP

. . ~ et geometrical region where the electron density of the molecu-
potentials are repulsive except for GQB <X 7). As can be

seen from a comparison of the contour maps, the repulsivlﬁar orbital fo be onized is relatively higfsee Eq.(11)]
’ 1 |) -
wall in each exit potential is much harder than that of the igures 7 and 8 show log” versus logE plots of CED

entrance potential; geometrical spacing of the contourcurvePICS for N+ He*(2°S) and CO-He*(2°5). Observed

P 1 g rical sp 9 e Sross sections are plotted with circles and total cross sections
are very narrow in every d".ec“c.’f‘ for™. This is probably are normalized with crossed-beam experiméhtsnd they
due to the very small polarizability of the ground state Heare compared with those for the present calculation shown

for the exit potential ar mor d to the shorter distan Swith solid lines. Contour maps of the electron densities for
or Ine exit potential are compressea 1o the Shorter dIStanceg jacyjar orbitals corresponding to the respective ionic

in the directions where ionized electron orbitals are distrib-

- i ~ states are also shown in Figs. 7 and 8, in which the thick
uted; positions of the repulsive walls for thie states are solid line in the maps shows the contour curve of 100 meV
extremely compressed at the shorter distances in the perp

’ y == ) Pt €9F the entrance potential as a reference of the repulsive
dicular directions both in §l+He and CO + He. boundary. In the maps of the molecular orbitals and the re-
Figures 5 and 6 shov@ observed andb) calculated , 5jve houndary, the thick arrow indicates important direc-
contour maps of 2D-PIES; heights of electron signals Otjons of the interactions between the molecule and thé He
cross sections are shown in a relative unit. The right-handy, The most reactive directions are in the perpendicular
panel of each figure shows CERPIES drawn with a solid lin€jjrections for [T states and the collinear directions far
for E.~ *1003meV and with a dottfed line fﬁc: 320 mevfor  gates reflecting respective orbital electron distributions. It is
N2+ He (27S) or Ec~250meV for .C(} H_e (279). ”? O of note that for thdT state @) of N,+He*(23S) the most
der to reprpduce observed branching ratios, the ratios of thIeeactive directions change from ca. 50° to 90° on going from
constantk ) in Eq. (11) were optimized aK *:K®™:K® 149 t5 400 meV. This unusual behavior is related to the dra-
=1.00:1.33:2.38 for BHHe* and KX:K®:K®  matic change of the outer shape of the boundary surface for

correspond to ionization from thes 17, and 4 molecular
orbitals of CO, respectively. Figures 3 and 4 show the exit2D
potential energy curveS/(ﬁ)(R,a) for Ny +He and CO .
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CERPIES

I CERPIES
5.0r (a) Obsd. 1 |Ec=100 mev 5.0 (b) Calc. —

E=100 meV

P
=)

" Ec=300 meV
AT,

TR
w Il
[\ RS e

N
=)

Electron Energy (E¢) / eV
Electron Energy (Ee) / eV
w
=

1.0E=

oob—— 1 . .. I 0_0||| I I
70 100 200 300 70 100 200 300

Collision Energy (Ec)/ meV Collision Energy (Ec) / meV

FIG. 5. (a) Observed andb) calculated two-dimensional Penning ionization electron spg2BaPIES for N,+ He* (2 3S) in a relative unit. The right-hand
panel of each figure shows CERPIES drawn with a solid lineEgr 100 meV and with a dotted line fd.=300 meV.

N, with He* (2 3S) from the oblate form to the prolate form (3 state$ are nearly the same for N He* 1942445 eflect-
with increasing energies, as can be seen in Fig. 1. Intensitigag the electron distribution of respectl\ce orbitals (3o

of A states for both BHHe* and COtrHe* increase more and 2o,) being very similar to the collinear dlrect|or(§
rapidly with the increase oE. than X or B state, which  =0°). In the case of C@He*, CEDPICS forX andB states
reflects the softness of the repulsive potentials towards perS, state$ are on the other hand considerably differ&t’
pendicular directions of molecular axis in the collision en-because of the difference of the electron distribution of the
ergy range of the present study. CEDPICSXoandB states correspondingr orbitals (50 and 4r); the exterior electron

7.0 - 7.0
| (a) Obsd. | | CERPIES I (b) Calc. | |CERPIEES
18 4 | o 18 2
6.0 | ————— 6.0 % 3
— 2
> | T2 > | :
~ 50 = -~ 50 —]
B 40l - 3 a0l | | E2s0mev
o 1 5 1 / Al
e [ r © k=0
ch g‘_// SN ch T —————15 32
o 3.0 = é ; o 3.0 y % ,7 v=2
= = i3 | § [
@ %‘_ \ @ :k Xv= 4
w 20F =3, w 20+ 1 E=100 meV
10| 4 10| .
i 10 % i 10 ; ‘ Bt
100 200 100 200
Collision Energy (E¢) / meV Collision Energy (E¢) / meV

FIG. 6. (a) Observed andb) calculated 2D-PIES for C®OHe* (2 39) in a relative unit. The right-hand panel of each figure shows CERPIES drawn with a
solid line for E;=100 meV and with a dotted line fd.=250 meV.
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N,+He*(23S) CEDPICS TABLE Il. Peak positiongeV) of the most prominent vibrational band in
T T CERPIES E.=100, 300 meV for N+He* and E.=100, 250 meV for
CO+He*). Full-widths at half-maximdmeV) are also shown foX andB
Total cross section states in parentheses. Peak positiong\cﬂtates are those af=1 for N,
:( 10 ¢ +He* andv=2 for CO+He*.
5 5 | E. X A B
g N,+ He* Obsd. 100  4.26163  2.90  1.04(165
2 300 4.30(200 2.96 1.07(203
o] Calc. 100 4.28167) 2.90 1.10(165)
O 1L 300 4.31(196) 2.97 1.12(189
: CO+He* Obsd. 100 5.86151) 2.95 0.17(142
0.5 250 5.89(192) 2.97 0.20(181)
ol L | Calc. 100 5.85164) 2.97 0.17(183

10 100 ~7000 250  5.86(196  3.00  0.17(201)
Collision Energy (Ec) / meV

FIG. 7. The logs®) vs logE; plots for N,+He* (2 3S). Observed cross ) N
sections are plotted with circles, the present calculation drawn with soliddy a completely flat potential, the calculated peak positions

lines. Contour maps of the electron densities for molecular orbitals correcpincide within 10 meV. This indicates that the vertical ion-

sponding to the respective ionic states are also shown. Observed total cro. : . .

sections are normalized to the reported valRef. 17 at E.=200 meV. ﬁatlon transition from the ?mrance. poteqﬂa_l Oc.curs r.nOStly
onto the flat area of the exit potential. This is highly likely,
since the repulsive walls for the exit channel are very much

distribution is dominant at the C-atom side far 6rbital and compressed to the shorter_ distance in comp_arison with the
at the O-atom side fordorbital. Since the repulsive wall for enfrance channel as mentioned above for I_:!gs. 3 and_ 4. It
6=0° is much more hardened than that f6£90° in the should pe noted that the calculated_pgak.posmons are slightly
energy range between 180 and 40 meV in connection Witﬁ)verestmated by 10—-60 meV. This indicates that entrance
the lower soft spot ford=0°, the slope of the CEDPICS potentials especially at the lower repulsive parts may still be

for X state of CO is more flattened. These characteristicsoveresnmated by this amount. The observed peak energy

can be seen in the both observed and calculated CERPIES |Srr1]Ift AE estimated with respect to the energy difference be-

Fig. 6. tween thg metastable excitatipn enerfd@p.82 eV gnd' thg
Peak positions of the most prominent peaks in observeaarQEt IPis at mo;t 6.0 meV W'tEF.: 100 meV, which indi-
and calculated PIES are listed in Table Il at the lower ancfat.eS th‘.rﬂ the_|on|zat|o_n probabilities do not governed by the
higher collision energiesE.=100 and 300 meV for N rajectories W'th zero-impact parameters. As fqr t_he band-
+ He* andE.— 100 and 250° meV for COHE* . Eull-widths widths, calculations explain the observation qualitatively; the

N ~ bandwidths increase with increasing collision energies. Since

at half-maxima are also listed fo.(.and B stgtes IN Paren- 1ha increases of the bandwidths are 20-40 meV and much
theses. The calculated peak positions are in good agreement Jller than the increments of the collision energy of 200

with the observed values within 10—-60 meV. It was foundmev (N,) or 150 meV(CO), the ionization transitions do

tha:t trt\_elcglculatgfdtrﬁ)eak .FOS':'O?.S Iare |nsetr'1f§|t.|v|? 0 tk|1e egﬁot mainly occur on the highest turning points corresponding
potentiais, even it the exit potentials are artiicially replacedy, o zero-impact parameter. This is consistent with the pre-

vious analyses of ionization probabilities as functions of im-
pact parameter valués.
CO+He*(23S) CEDPICS

B. CH3;CN+He*(23S)
Total i .
otal eross section Figure 9 shows the contour map of the calculated model

] potential energy surfac¥, for CH;CN+ He*, taken in the
] o, plane($=0°), which includes one of CH bonds in the

-

o
Al
|

(3]

Cross Section / A2

-
T
1

0.5

s sl
10 100

1000
Collision Energy (Ec) / meV

-5 0 5A
FIG. 8. The logs® vs logE, plots for CO+ He* (2 3S). Observed cross
sections are plotted with circles, the present calculation drawn with solid=IG. 9. The contour map of the calculated model potential energy surface
lines. Contour maps of the electron densities for molecular orbitals correV, for CH;CN-+ He* (2 3S) taken in theo, plane(¢#=0°). The spacing of
sponding to the respective ionic states are also shown. Observed total croge contour lines is 50 meV for negative values and 100 meV for positive
sections are normalized to the reported valgef. 17 at E.=100 meV. values between 0 and 800 meV, respectively.
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CH,CN+He*(23S) CEDPICS TABLE Ill. Slopesmin log o® vs logE; plot of CH;CN+ He* (2 3S) in the
T T T collision energy range from 90 to 300 meV.

731("N)

_‘é’ A ] lonic state Experiment Calculation
z X(12E) -0.26 -0.20
< A(12A) -0.47 -0.50
= B(22E) 0.12 0.31
s i C(22A) —0.30(90-170 meVy —0.32(90-170 meVY
s —0.01(170-300 meY 0.00(170-300 mey
7]
6 631;(“‘500)

C

lar orbital[7a,(ny)] is most distributed. The second largest
10 =100 ~31000 negative slopen for the X state is also reasonable, since the
electron distribution of the corresponding molecular orbital
(mcn) is also dominant around the attractive potential well
FIG. 10. The log/" vs logE, plots for CHCN+He*(2°S). Observed  region. The slope valum for the B state is positive for both

cross sections are plotted with circles in a relative unit, the present calculaobserved and calculated CEDPICS though the latter is much
tion drawn with solid lines. Contour maps of the calculated ionization ’

widths corresponding to the respective ionic states are also shown. Iarger. _S'nce the_ exterior electron distribution of th*{d:CH) )
orbital is extending around the border between the attractive

well on the CN group and the repulsive walls around the

) ) ) CHs; group. Considering that the Li model potential is likely
methyl group. The spacing of the contour lines is 50 meV for, oyerestimate repulsive energies as found in the previous

negative values and 100 meV for positive values between Qi ,qiesl94243the discrepancy may be improved when the Li
and 800 meV, respectively. A GEN molecule interacts at- 4o notential is modified. As for the state corresponding

; i 3
tractively with He (2°S) when a H& atom approaches the to 6a,(occ) orbital, the calculation has yielded an excellent

N atom. The well depth is about 380 meV located on theagreement with the newly obtained experimental data in the

coaxial line of the CN bond. The presence of a deep potential resent study. The most important geometries forthatate

well around the CN group was also found for an end-on-typ . AT L A
complex of CHCN+ Li in the earlier studie&*55 are in axial directions as indicated in Fig. 10. A long these

Figure 10 shows log® versus locE, plots of CEDPICS directions, entrance potentials are highly attractive or repul-

for CH;CN+ He* (2 3S). Observed cross sections are plottedSlve and nqt in the ma_rgmal regions I'k? the case of Bh.ef
L . . ) .. ~state, to which calculations depend crucially on the qualities
with circles in a relative unit, and they are compared with

' : - under subtle balances.
those for the present calculation shown with solid lines. The Exit potentials are much harder than the entrance poten-

. + (12 (12 R(9?2
ionic states of CHCN™, X(1°E), A(1%A1), B(2°E), and 45 a5 shown in Fig. 11. This is probably due to the small

C(2%A,) states, correspond to the ionization from the polarizability and the compact wave function of the He atom.
2&(men), 7ai(ny), 1&(ocy), and @y (occ) molecular or-  The repulsive walls are more compressed to the shorter dis-
bitals of CHCN, respectively. Contour maps of the calcu- ances at the directions where ionized electron orbitals are
lated ionization widths corresponding to the respective I0NiGnainly distributed. Since repulsive boundaries for the ion-
states are also shown in Fig. 10, in which the thick solid linej; ¢4 surfaces are much more compressed in comparison with
in the maps shows the contour curve of 100 meV of theéne entrance surface, the exit potentials are almost flat in the
entrance potential as a reference of the repulsive boundaryegion where the Heatom effectively interact with the col-
In the maps of the ionization widths and the repulsive boundjision partner on the entrance repulsive surface. This propen-
ary, the thick arrow indicates important directions of the i“'sity is, however, relative. Around the CN group, there is a
teractions between GJEN molecule and the Heatom.  geep well in the entrance surface. In this region, the respec-
In order to reproduce branching ratios, the ratioSiye exit surface cannot be considered as a flat surface. This
of the_constantK® of Eq. (11) were optimized as point will be discussed in connection with the effects of the
KO KW:K(B):K(©)=1.00:1.83:5.16:9.89. After this opti- exit potential on the calculated 2D-PIES.
mization, calculated CEDPICS as well as branching ratios  Figure 12 showsa) observed andb) calculated contour
were found to be in good agreement with the experimentmaps of 2D-PIES. The right-hand panel of each figure shows
although the lower energy part of tiestate is less satisfac- CERPIES drawn with a solid line foE,~100meV and a
tory, which will be discussed below in connection with the dotted line forE.~250 meV. Table IV lists the peak position
quality of the entrance model potential. The slopasn  of X(12E) andA(1 A,) states and peak energy shift& in
logo® versus lodE, plots are listed in Table Ill. Negative parenthesesAE were estimated with respect to the energy
values of the slopes can be ascribed to attractive interac- difference between the metastable excitation enéi@y82
tions around the potential well in the entrance surficehe eV) and the target IP.
largest negative slope for thfe state is clearly related to the As can be seen from Fig. 12 and Table 1V, the following
deep potential well around the N-atom end of the CN groupexperimental features are qualitatively well reproduced by
where the electron distribution of the corresponding molecuthe present trajectory calculations:

Collision Energy (Ec) / meV
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FIG. 11. The calculated exit potential energy cur\)\é(% for CH;CN*
+He taken in theo, plane (¢=0°). The contour maps for the repulsive

100 meV

\) 800 mev

Batan?’
Lo bvnr i bt b

|
-5 0 5
Vi / meV T
AL’A,
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-5 0 5
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B2E
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-5 0 5A
V(c)"/meV
C2’A,
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-5 0 5A

Energy resolved Penning ionization 5717

TABLE IV. Peak position ofX(1 2E) andA(1 ?A,) states of CHCN'. The

peak energy shift estimated with respect to the energy difference between
the metastable excitation ener@}9.82 e\j and the target ionization poten-

tial is also shown in parentheses in a meV unit.

lonization
potentiaf/eV E. Obs. Calc.
X(12E) 12.20 100  7.16—460  7.30(—320
B 250 7.16(—460 7.30(—320
A(12A) 13.13 100  6.3§—330  6.43(—260

250 6.36(—330 6.43(—260

“Reference 82.

(iv) The peak positions of thé\(12A,;) and X(12E)
states are independent Bf.

(v)  The intensities and widths increase on going to the
higherE,, side for the band oB(2 %E) state.

(vi)  The intensities and widths show minima_at an inter-
mediate collision energy for the band @f(22A,)
state.

boundary positions are also shown with an energy spacing of 100 meV.

X(12E), A(12A,), B(22E), andC(2 2A,) denote the electronic states of
CHACN*.

(i)
(i)
(iii)

The peak energy shiftAE are negative for;((l 2E)
andA(12%A,) states. B
The negative peak energy shitE of X(1%E) is
larger than that oA(12A,).

Bandwidths ofX(12E) and B(22E) states are in- (3) The calculated positive slope in logt" versus logE,
creasing and slightly expanded to the higEgrside
with the increase oE_.

9.0 T T T
- (a) Obsd. -

8.0 -

Electron Energy (Ee) / eV

100 200 300
Collision Energy (E¢) / meV

CERPIES

Ec=100 meV

ALA,
Ec=250 meV

B2’E

C2%A,

From the more quantitative analyses, the following fea-
tures should be noted:

(1) The calculated negative peak energy shXE of
X(12E) state is smaller than the observed value by 140
meV.

(2) The calculated lowE, components for the band of
X(12E) are too small.

plot of B(2 2E) is too large, as mentioned for the CED-
PICS in Fig. 10.

50 (b) Calc. CERPIES

8.0 2 . E=100 meV

>

[}

<

3 =

g A1%A,

& Ec=250 meV

c

£

[3]

2L ;

w ! B2E
C2%A,

100 200 300
Collision Energy (E¢) / meV

FIG. 12. (a) Observed andb) calculated 2D-PIES for CYCN+ He* (2 3S) in a relative unit. The right-hand panel of each figure shows CERPIES drawn with
a solid line forE.=100 meV and with a dotted line fdf.=250 meV.
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These features are related to the deficiency of the LMP2/6-311+-G* level* a=0.80 for N, with a
model potential of the entrance potentials, especially in th&CSD(T)/6-311+G* level* and a=0.55 for CO with a
directions where repulsive and attractive interactions comCCSO(T)/6—311+G* level® It is also of note that the
pete with each other; such regions are located around theCSDOT) treatment improves electron correlation effects to
perpendicular direction of the CCN axis or CH bond wheregive a larger value for the paramemuch closer to unity
2e(mcy) and le(ocy) orbitals are expanding outside. This than the MP2 calculation.
will be discussed in connection with the quality of the en- In the present study a more flexible form of Li model
trance model potentials in Sec. IVD. potentials than the simple linear scaling has been usedfor N
and CO. The aim of this treatment is to obtain much better
quantitative agreement with the observation, especially for

Crucial influences of exit potentials on 2D-PIES wereCQ. In the case of CO, the C-atom side and O-atom side
not found except for theX(12E) and A(1%A;) states of should have different characteristics. Thus, the simple scal-
CH3;CN*. This is easily understood by the ionic surfacesing treatment should be replaced by the more flexible func-
being much more compressed than the entrance surfacafns Vgc using exponential corrections combined with
The exceptions of th&(12E) and A(12A,) states are re- Legendre expansions in E66).%° Improved aspects in com-
lated to the very deep well around the CN group in the enparison with the simple scaling results are summarized as
trance surface. Since the repulsive boundary in this regiofollows in connection with the optimized parameter sets in
for the entrance surface can be compressed too much, evéable I:

more than the ionic state potentials, the situation may be(\l) The slopes for the log® versus logE, plots of

reversed. In order to confirm this effect of an overcompres- CEDPICS for CO are considerably flattened in the lower

sion of the repulsive potential in the entrance surface, artifi- - :
. . . . collision energy range below 150 meV to give excellent
cial calculations were performed using completely flat exit ; . : . )
agreement with the experiments. This effect is especially

potentlals. The results of the.Zl.D-PIES with flat exit potep- remarkable in the calculated CEDPICS for tstate of
tials were found to be very similar to the normal results in n ; . . - .

: ) ~ 9 ] CO". This has a connection with the optimized positive
Fig. 12 e_x_cept for theX(1°E) and A(1 _Al) states; The value of A;=296 meV for CO in Table I, which draws
peak position for the(1 E) state was shifted to the higher down the repulsive parts of potentials more effectively
electron en~ergy2 by ca. 50 meV and lower electron energy  n the C-atom side aroun@=0°.
tails for theA(1 “A,) state were cut off to a very wide range (i)
of ca. 400 mgzv. T?l)is clearly indicates the imp)(/)rtance ofgthe(Z) 'cr:réeDPsllgpSefsorf&r atrgeaé%gimr:/ri(,s:; inlot?]Eec |§\|,3§ Cg];”_
qualities of exit potentials where the entrance potential has a  gjgn energy range, although the effects are not remark-
deep well. In view of this, if the repulsive boundaries around  gple as in the case of CO. This is also related to the
the CN group in the exit potentials for th¢(1°E) and downward deformation effects of the entrance potential
A(12A,) states are much more compressed, the peak posi- in the lower parts.
tions for these bands as well as the lowigttail for the band
of the A(12A,) state will be improved. Concerning the optimized values ofA{,Az,A;) in
Table I, the spherical teri, is the largest for both Nand
CO. Isotropic contributions of inaccuracies due to basis func-
tions or electron correlation effects can be corrected with this
term to some extent. It should be noted tigt/A, has a

In connection with the entrance potentials, there are sewaegative value of ca—0.4, which indicates oblate correc-
eral important points to be mentioned. In thie initio deter-  tions leading to the more negative contributions drawing
mination of interaction potentials, basis functions should bedown the interaction potentials effectively in the perpendicu-
carefully chosen. At a minimum level, split-valence basislar directions wherer electrons distribute. This indicates that
sets with diffuse and polarization functions should be [#ed. a charge transfefCT) interaction leading to MA* * is re-

Full counterpoise corrections need to be made to account f@ponsible for the dominant contributions in the corrections to
basis-set superposition errérsEffects of electron correla- the Li model potentials/y; the 2s electron in a H&(Li)

tion are also important. A comparison has been made foatom tends to be transferred into the degenerate antibonding
MP2, CCSOT), and QCISHT) levels® The CCSOT) level 7 orbitals in N, and CO. Although the CT interaction of

is recommended for small systems, and at least MP2 corredd ~A* * is already included in th¥, the optimizedA, /A,

tions should be made for the larger systems. The presemalues clearly show theb initio Li model potential is
study followed this criterion. In addition to the problems deficient to a certain extent in inclusion of the CT interac-
associated with basis functions and electron correlation, thgon. It is well known that the magnitude of interactions is
use of the Li model causes some inaccuracies. In order tenhanced when the energy separation between interacting or-
compensate for these drawbacks, a linear scaling treatmehitals becomes smaller. Since the ionization energy of
of V5L aV, has been employed in the previous studiesLi(2 2S)(5.392eV) is larger than that of Pé239)

for N,+ He* *>%*and COrHe* * It should be noted that the X (4.768eV), the Li model potential underestimates the CT
optimized values for the parameterare smaller than unity, interaction. Therefore, the positive value Af in Table |
indicating overestimation of repulsive interactions or underdindicates that corrections are larger on the C-atom side, be-
estimation of attracting interactiona=0.50 for N, with an  cause of the distribution of the antibondimgorbitals being

C. Influence of the exit potential on 2D-PIES

D. Remarks on the entrance model potentials
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much more localized on the C-atom side. Relevance of th&ABLE V. The optimized relative ratios ok of Eq. (11) and its corre-
CT interaction with target unoccupied orbitals can also besPonding molecular orbital energy.

rationali;eq by the following arguments on FBqnarameter. lonization potentid
The optimized values for th& parameter in Table | are Molecule lonic state  Relative ratio ¢ 1Y)

1.104 A for N, and 0.861 A for CO, respectively. The char-
acteristic lengttB can be connected with the asymptotic be-

N, X(239) 1.00 15.60

havior of wave function tails known a8 '=2(21)2 g‘(gi) ;gz ig';g
wherel is the ionization potentid® The characteristic length co iégzi; 1:00 14:01
of ca. 1 A corresponds to an orbital function whose ioniza- ACIT) 2.07 16.54
tion potential is ca. 1 eV, which is of approximate order of B 255 19.72
unoccupied molecular orbitals. It is of note that the pre@ent cH,CN X(12E) 1.00 12.20
values of ca. 1 A are in good agreement with the correspond- A(12A)) 1.83 13.13
ing values ofB=0.909A B 1=1.10A"?) in the exponen- B(2%) 5.16 15.13
tial CT interaction term for the system of G&I+Ne* by C(2°Ay) 9.89 17.58

Alberti et al,*® which has been introduced in addition to the Adiabatc onat :
. . . . . iabatic ionization potentials taken from Refs. 63 and 82.

van der Waals terms in traditional semiempirical potentials.byertical ionization potential.

In connection with the qualities of Li model potentials, a
precise estimate has been made for atomic targets by Hotop
et al;® the well depths for Li-X (X=H, Li, Na, K, Hg)  =4(2E) *22° Moreover, two electron integrals related to
systems were found to be 10% to 20% larger than those foglectron transfer or electron exchange may have larger values
He* (23S)+ X. Although this estimate of inaccuracies in- when the energy gap becomes smaller; the energy gap to be
volved in the Li model seems to be opposite to those deconsidered is the difference between the IP of the He 1
duced in the present and previous studies for moleculaorbital and the IP of the respective target molecular orbital.
targets*?~4>5%the key points are the major interactions in- Since this effect is missing in E¢11) after employing the
volved in the atomic targets; the most important role is posMulliken approximation and using overlap integrals, the val-
sessed by the unpaired valence electron of the atom, whoss ofK(") should also become larger for the larger IP states.
energy level is not higher than thes 2lectron of the Li atom Based on these arguments, the tendency in Table V that the
to lead to overestimation of the interactions in comparisorsmallerE, (the larger IR the largerk ) can be considered to
with the more higher & electron of H&. This argument also be reasonable.
supports the propensity that Li model potentials have been
rather satisfactory for larger systems having a deep potentidl. CONCLUSION

well, since in these systems occupied molecular orbitals play In order to elucidate collisional reaction dynamics, col-

. S . . -
Important roles'ln mteractpn with the &'_'e ) atom to lead lision energy dependence of partial ionization cross sections
to larger attractive interactions for the Li model, compensat-(CEDPICS and collision-energy resolved Penning ioniza-

Lng the drr]awbacksNtothsomfer e?ter}tb?_qviever}_ever? forl SYSfion spectra(CERPIES were studied by 2D-PIES experi-
ems such as CICN, the effects o INtEractions INVOIV- 1o nts and classical trajectory calculations basedlmitio

g‘r?el:;;;;'gi? r?;;%(le;i\(/):)vl\fz:lss ?r:ir:emzﬁ{g:z:;)n(;é;ggléox]vggwolecular orbital calculations. The entrance potential embed-
. : ed in the ionization continua can be approximated by re-
be improved to give the better CEDPICS and CERPIES for PP y

onic stat h i bitals havi lectron d Elacing an excited Hg23S) atom by a ground state
'9”'0_ states whose resp.ec |ve.or ! as- aving elec rozn ens i(2 2S) atom. This treatment is satisfactory to estimate an-
ties in the relevant spatial regions as in the cas¥(df“E)

= isotropy and radial dependence of the entrance potential sur-
andB(2 *E) states in the present study. face in good quantitative accuracy. Optimization of the Li
model potential with additional correction functions revealed
that CT interactions of the valences 2lectron in the Hé
atom with unoccupied molecular orbitals in the target mol-
ecule tend to be underestimated in the Li model, since the
Although the present estimation of the ionization width energy level of the & electron is lowered in the Li(2S)
I'D by Eq. (11) was found to be excellent for taking the atom by ca. 0.6 eV, in comparison with the’{& 3S) atom.
anisotropy and the radial dependence into account quantit&orrections of this effect were found to be important for
tively, optimized values for constaniks”) in Eq. (11) should ~ N,+ He* (2 3S) and CO+ He* (2 3S), because the lower en-
be discussed. In Table V, optimized valuesKdP are listed ergy parts of repulsive walls in the entrance surfaces play
and compared with the ionization potential of the respectivalecisive roles in the collision dynamics.
ionic state. There is a tendency that the larger the IP of the The exit potential surfaces were found to be much less
ionized electron(the smaller the kinetic energy of ejected important in collisional ionization dynamics. CEDPICS are
electronE,), the larger the corresponding values 6’ irrelevant to the exit potentials. Even for CERPIES exit po-
become. This is at least partly related to a factor afp?) tentials are not important, because ion—molecule interactions
in Eq. (7) for the fundamental equation for the ionization are much stronger than the atom—molecule interactions to
width. When expanding outgoing electron wave functionsmake the former potentials much more compact than the
into partial waves, this factor is normalized asr@" latter. This means that vertical transitions from the entrance

E. Remarks on the ionization width
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