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Abstract

Ionization cross-sections of N in collision with He* 23S as functions of the collision energy and the ejected electron
kinetic energy (two-dimensional Penning ionization electron spectra, 2D-PIES) have been evaluated by trajectory
calculations based on quantum chemical potential surfaces of both entrance and exit channels as well as on the
transition widths for producing X, A, and B states of N . The present approach using a Li atom for He" and an overlap
approximation for I' has given theoretical 2D-PIES in good agreement with the observation and a promise for its
application to the study of dynamics in collisional ionization involving highly anisotropic target systems. © 2000

Elsevier Science B.V. All rights reserved.

1. Introduction

Since electron spectroscopic techniques [1-3]
were applied to the Penning ionization, which oc-
curs on collisions of metastable rare gas atoms Rg”
with atoms or molecules, collisional ionization
dynamics have not been elucidated in detail for
molecular targets. One of the major obstacles has
been the difficulty to obtain experimental infor-
mation on specified states of both reactants and
products. Another obstacle has been the difficulty
to reproduce the observed electron spectra in good
quantitative accuracy by theoretical calculations.

* Corresponding author. Fax: +81-22-217-6580.
E-mail address: ohnok@qperkk.chem.tohoku.acjp (K.
Ohno).

In the measurements of the yield of Penning
ions as functions of the collision energy E. [4-6],
ionic states of produced ions or kinetic energy of
ejected electrons were disregarded. Although
Penning ionization electron spectra (PIES) have
been observed as functions of the kinetic energy E.
of ejected electrons [1], selection of collision ener-
gies has long been avoided except for a special case
[7]. Experimental difficulties associated with si-
multaneous analyses of both £, and E, have been
overcome by using a nozzle discharge beam [8-11]
and a supersonic beam [12-14] for producing He"
atoms. These new techniques have made it possible
to observe collision energy dependence of partial
Penning ionization cross-sections (CEDPICS)
[8-11} as well as collision-energy-resolved PIES
(CERPIES) [11-14]. These two modes of experi-
ment have recently been combined into a novel
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technique observing two-dimensional PIES (2D-
PIES) in which electron counting-rates are mea-
sured as functions of both E. and E. [15,16].
Recent studies of collision energy dependence of
fragment species produced with the impact of Rg"
have also provided novel information [17,18].

The fundamental theory of Penning ionization
was established by Nakamura [19] and Miller [20].
Some aspects were numerically calculated in detail
for simple targets, such as H [21,22] and H,
[23,24], based on quantum chemical treatments.
Semi-empirical potential functions have been ap-
plied to other target systems having many elec-
trons, such as Ar [13,15] and N; [16]. Longley et al.
[13] have made model potential calculations in
comparison with the observed CERPIES of Ar
with He" (2'S). Ohno and coworkers [15] have
calculated 2D-PIES in good agreement with the
experiment for Ar in collision with He” 2'S and
He* 2'S. Dunlavy and Siska [14] have reported
simulations of CERPIES for N, with He* 2'S. In
these studies, employed potentials and ionization
widths were empirical, and their functional forms
were restricted. Such an empirical approach has an
essential drawback becoming more difficult to de-
scribe anisotropies with the molecular size in-
creasing.

In the present study, 2D-PIES of N, in collision
with metastable He* 2°S atoms as functions of E.
and E, have been calculated by using entrance,
exit, and imaginary potentials based on quantum
chemical calculations with various levels of ap-
proximation and compared with the observation.

2. Construction of interaction potentials
2.1. Entrance potential between N, and He* 2°S

Entrance potentials involving electronic excited
states embedded in ionization continua are difficult
to be determined. For N, and He’ 23S, Ishida and
Horime [25] performed calculations based on ab
initio resonance potentials and ionization widths
by using Feshbach projection operator method.
Although qualitative features were found to be
similar with the experiment, quantitative details
were not satisfactory. Such an approach dealing

with excited-state potentials is preferable, but the
results are still disappointing.

It has been established that interaction poten-
tials between Rg* and various targets can be ap-
proximated by replacing Rg" by the respective
alkali atom with the same electron configuration in
the valence shell [7,26]. On this basis, a Li 2°S
atom was used in place of a He" 2’S atom for
calculations of entrance potentials. The N-N dis-
tance was fixed at the experimental value of 1.0976
A for N,. Interaction energies were obtained by
the coupled cluster method including singles,
doubles and optional triple terms (CCSD(T)) with
basis functions of 6-311+ G*. Full counterpoise
corrections were made to avoid basis set super-
position errors (BSSE) [27]. Polar grids were used
to obtain the interaction energy at an arbitrary
geometry; appropriate radial distances R of less
than 10 points with respect to the center of mass of
N, were sampled, and angles of 7-10 directions
were selected. A cubic spline technique was used
for both radial and angular directions to obtain
interaction energies for arbitrary points. Rectan-
gular grids were not employed because of the very
slow convergence. Legendre expansions for an-
isotropic potentials were not used, since highly
anisotropic nature might be disregarded.

Because of the approximate nature of the Li-N,
potentials ¥, entrance potentials ¥ were estimated
as Vy=cV, with a scale factor ¢, which was
determined to be 0.80 so as to reproduce observed
CEDPICS. Obtained entrance potentials ¥, are
shown in Fig. 1a for directions of 0° and 90° with
respect to the N-N axis.

2.2. Exit potential between N5 and He

Ionic states of N3 produced by He® 2°S are
X?%,, AMI,, and B’Y, states corresponding to
ionization from 3o, ln,, and 20, molecular
orbitals of N,. Energies of the exit potentials Vi”
for the ith ionic state of Nj interacting with a
ground-state He atom were calculated by several
ways. The absolute value of an orbital energy can
be treated as the respective ionization energy (1E).
This method is referred to HF. The second method
is the outer valence Green’s function method
(OVGF) in which many body effects are included
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Fig. 1. Entrance and exit potentials for directions of 0° and 90°
with respect to the N-N axis. R is the distance between the
center of mass of N./N; and He*(Li)/He: (a) Entrance po-
tential curves F(R). (b) Exit potential curves ¥’ by the
methods of HF (dash and dot), OVGF (dash), and MRSDCI
(solid). X, A, and B are respective ionic states of N3 .

[28]. The third method is a method of multi-ref-
erence single and double excitation configuration
interactions (MRSDCI). HF and OVGF calcula-
tions were made by a program of GAUSSIAN 94
with basis sets of 6-311+G* for N and 6-
311++G** for He. MRSDCI calculations were
performed by a program of ALCHEMY?2 with a
basis set of MIDI-4 + polarization. The N-N dis-
tance was fixed at 1.0976 A, since ionization can be
treated as adiabatic processes. Although selected
geometries and data handlings were nearly the
same as those for entrance potentials, no scaling
factors were introduced. Since our interests are
focused on the shape of potential energy surfaces

rather than their absolute values, calculated IE’s
are only treated as the relative values with respect
to the isolated molecular ion. Obtained exit po-
tentials are shown in Fig. 1b. Vertical IE’s for
constructing 2D-PIES were taken from observed
He I photoelectron spectrum of N, [29].

2.3. Imaginary potential (transition width)

The imaginary part of the entrance potential,
—iI'/2, is related to the ionization width I') for
the ith ionic state, which is given by

0 = 2mp® (ol Hal @) . M

Here, p) is the density of final states, H, the
electronic Hamiltonian, and &, and &Y are the
electronic wave functions for the initial and the ith
final states, respectively. In many studies, the de-
pendence of ' on the distance R was assumed as
Aexp(~aR) [2,13-15]. However, for molecular
target systems both 4 and « are highly anisotropic
in addition to extra R-dependence. Since matrix
elements in Eq. (1) are essentially governed by
mutual overlaps between orbitals of the interacting
system [30], the following formula can be used:

' =KD | ) (2)

Here, ¢, and y, are the ionized orbital corre-
sponding to the ith ionic state and the He ls
orbital, respectively. K/ were determined in order
to reproduce the observed branching ratios and
the experimental total ionization cross-section of
14 A’ at E. = 200 meV [5]. Orbital functions were
obtained from ab initio self-consistent field calcu-
lations for the isolated molecule and a He atom.

3. Calculations of 2D-PIES
3.1. Trajectory calculations

Classical trajectories were calculated on the
basis of the entrance potential for a He"/Li and N,
treated as a rigid-rotor. The initial rotational en-
ergies were generated statistically so as to fit with
the Boltzmann distribution at 300 K. Initial con-
ditions for ca. 100000 trajectories were generated
as follows. E, was set between 70 and 380 meV
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with spacing of 10 meV. For a given E., 3000
trajectories were generated. Initial directions of
incident He" atom with respect to the orientation
of N, and its rotational axis were randomly gen-
erated. The impact parameter b was set randomly
from 0 to 7 A. Differential equations were solved
numerically by the fourth-order Runge-Kutta
method with an adaptive step size control.

In a real trajectory, the ionization event occurs
at most once at a certain position of that trajec-
tory. For a bundle of the same trajectories, a
survival factor S at a particular time ¢ (or at a
geometrical position) can be treated as the survival
probability of He" in the excited state. At the ini-
tial condition, 7 =0 and § = 1. The partial ion-
ization probability P is also a function of time
and positions, which can be determined by inte-
gration of transition probabilities W) into the ith
10nic state before time 7 (or before arriving at the
position). These quantities should satisfy the fol-
lowing differential equations:

ds/dr = —SZ wi, (3)

dPY /de = W, (4)

Since W'/ =1/, P and S for a particular
trajectory can be evaluated for only one span of
the same trajectories. Dwelling time t at a certain
region in a trajectory was calculated from the rel-
ative velocity of the system. Thus, partial transi-
tion probabilities in a certain region in a trajectory
were obtained as SWU'z.

3.2. Construction of 2D-PIES

2D-PIES were constructed as transition prob-
abilities as functions of E, and E., for three sets of
exit potentials (HF, OVGF, and MRSDCI). For a
given E_, the distribution of transition probabili-
ties as functions of E. (CERPIES) was obtained as
follows: (1) Values of E, for three ionic states at
each geometrical position on a trajectory were
calculated by the energy difference of entrance and

exit potentials, ¥, — Vf). The relative separations
of entrance and exit potentials at the infinite dis-
tance were adapted to those corresponding to the
observed IE’s for He I UPS. Electron energy dis-

tribution functions D{E,) were then obtained from
sets of values (¥, — V", SWi1) by integrating
such data for many trajectories at a given E.. (2)
Franck-Condon factors and vibrational intervals
for N> were taken from studies on UPS [31].
Vibrational structures were constructed by redis-
tributing D(E.). In this treatment, intramolecular
potentials of the ion were assumed to be irrelevant
with the existence of the He atom. (3) Apparatus
functions with a width of 143 meV were used to
redistribute the spectra of D(E.). (4) Calculated
CERPIES were then converted into 2D-PIES by
using a smoothing technique for the function of ..

4. Results and discussion
4.1. CEDPICS

Although computed CEDPICS for N, with
He" (2°S) has been reported to be in good agree-
ment with the observation [32], relative magni-
tudes of partial cross-sections (branching ratios)
showed some discrepancies from the observed data
[9,16]. In order to construct 2D-PIES, this has
been a serious drawback. Since Eq. (2) is a com-
promise between rigorous treatments and efficien-
cies, the constant K'Y was adjusted for each ionic
state in the present study; K'® : K" :K® =
0.81:1.44:1.96. Obtained CEDPICS are shown
in Fig. 2. Computed results for both total and
partial cross-sections are in good agreement with
the experiment, although the lower energy parts
are less satisfactory, which will be discussed below
in connection with the quality of the computed
entrance potential.

4.2. CERPIES and 2D-PIES

Fig. 3 shows CERPIES and 2D-PIES for N,
with He* 2°S; Fig. 3a shows the observed 2D-PIES
[16], and computed results by using HF, OVGF,
and MRSDCI methods are shown in Fig. 3b, c, d,
respectively. The following experimental features
are well reproduced: (i) Intensities are increasing
with the increase of £, especially more rapidly for
the A state, in agreement with the observed be-
havior in CEDPICS. (ii) Peak positions slightly
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Fig. 2. Collision energy dependence of total and partial Pen-
ning ionization cross-sections for N, /He* (2°S). Observed data
are plotted by solid circle for total cross-sections, open circle,
triangle, and square for partial cross-sections for producing X,
A, and B states, respectively. Calculated data are plotted by
solid line for the total cross-sections, dash-and-dot, dash, and
dot lines for partial cross-sections for producing X, A, and B
states, respectively. Electron density maps are also shown for
the relevant molecular orbitals with an approximate repulsive
surface by the solid curve.

shift toward the higher £. with the increase of E,.
(iii)) Band widths are increasing and extremely
expanded to the higher E, side with the increase of E,.

For further analyses, peak positions of the most
prominent vibrational peaks (v =0 for X and B
states, v = 1 for A state) in observed and calcu-
lated CERPIES are listed for £. = 100 and 300
meV in Table 1. Full-widths at half-maxima are
also listed for X and B states. Relative peak shifts
on going from E. = 100 to E. = 300 meV were
observed to be 0.04 eV (X), 0.06 eV (A), and 0.03
eV (B). Although calculated peak shifts are satis-
factory, the absolute peak positions are signifi-
cantly different among HF, OVGF, and MRSDCL
It is rather unbelievable that HF gave better
agreement with the observation than MRSDCI.
Since the electron energies E. are related to the
potential energy difference of Vj — Vf) [2,3] the
calculated values depend on the subtle balance
between the entrance and exit potentials.
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Fig. 3. 2D-PIES for N;/He" (2°S). In the right-hand sides,
CERPIES are also shown at E, = 100 (solid) and 300 (dashed)
meV with labels for ionic states of X, A, and B as well as vib-
rational labels for the A state: (a) Observed 2D-PIES (Ref.
[16]). (b)—{d) are calculated 2D-PIES by the methods of HF (b),
OVGF (c), and MRSDCI (d), respectively.

Table 1
Peak positions (eV) of the most prominent vibrational bands in
CERPIES for E. = 100 and 300 meV*

E. (meV) X'Z, A, BT,
Obsd. 100 426 (163) 290  1.04 (165)
300 430 (200) 296  1.07 (203)
HF 100 428 (151) 291  1.10 (155)
300 432(182) 298  1.14(180)
OVGF 100 429(157) 291  1.11(157)
300 433177 298  1.14 (182)
MRSDCI 100 431 (158) 291  1.12(159)

300 435 (187) 298 1.17 (199)

# Full-widths at half-maxima (meV) are also shown for X and B
states in parentheses.
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It should be stressed that the entrance poten-
tials are very sensitive to the methods. It was
pointed out that basis functions to describe the
outer part of interacting systems are crucially im-
portant in addition to inclusion of polarization
functions and electron correlation effects [32,33].
In Ishida’s calculation [25], too much repulsive
interactions in the long-range resulted in too small
cross-sections, especially for the low E. regions.
This difficulty has been partly overcome by intro-
ducing a scaling factor and the use of diffuse basis
functions [33]. However, as mentioned for the
present result of computed CEDPICS, low energy
sides of calculated cross-sections are found to be
still smaller than the observation. In other words,
calculated entrance potentials are rather higher
than the real curves. This discrepancy may be due
to the following factors, which possibly lead to
reduction of potential energies by ca. 50 meV; (1)
insufficient inclusion of electron correlation effects,
and (2) the fixed bond length for the rigid-rotor.

On the other hand for the exit potentials, elec-
tron correlation effects seem to be not so crucial.
HF and OVGF gave nearly the same exit poten-
tials, which is also very similar to the case of
MRSDCI. A little discernible difference among the
exit potentials is that the curves for MRSDCI are
slightly pulled down at the foot of the repulsive
wall, which may lead to larger E. of ca. 20-30 meV
in the electron spectra with respect to those for
OVGF and HF.

These features in the qualities of calculated
potentials explain the unbelievable agreement of
the absolute peak positions for HF and OVGF
rather than MRSDCL. For the entrance potentials,
correlation effects are underestimated to lead to
larger E. by ca. 50 meV, this is comparable to the
unexpected overestimate of peak positions for
MRSDCI. On the other hand, HF and OVGF
underestimate correlation effects in the exit po-
tentials by 20-30 meV may lead to the smaller
discrepancies from the experiment.

The bandwidth being broadened with the
increase of E. is due to the repulsive wall of the
entrance potential. With the increase of E, ion-
ization probabilities at turning points on the
repulsive wall become more efficient to result in
generation of fast electrons. Calculated widths in

Table 1 are in good agreement with the experiment
for all three methods, since repulsive walls over
than 100 meV are rather insensitive to electron
correlation effects.

4.3. Non-Franck—Condon behaviors

Vibrational intervals of the observed ionization
bands are in good agreement with the present
calculations. This means that intramolecular po-
tentials in ionic states are insensitive to the pres-
ence of the ground-state He atom. The observed
vibrational intensity distribution for A state was
found to be in good agreement with the calculated
Franck-Condon pattern. While for X and B states,
calculated intensity ratios for Iy /I, o were found
to be smaller than the observed values; when
compared with the experiment, calculated ratios
were reduced by a factor of 0.88-0.95 for X state,
and by a factor of 0.64-0.67 for the B state. For
the non-Franck—Condon behaviors, no E. depen-
dence could be found, although final-state depen-
dence is marked due to the anisotropy of the
interactions.

4.4. Remarks on the computations

Concerning with computational methods, some
comments can be made. First of all, for the excit-
ed-state potential, the so-called ‘peel-core’ model
has been used [14]. This model uses a switching
function combining the core (He™ + target) for the
short range with the peel (He" + target) for the
long range. The angular dependence is introduced
by the Legendre expansion containing the spheri-
cal and the second-order terms only, and the radial
dependence has been treated empirically in terms
of the modified Tang-Toennies van der Waals
(TTVDW) forms composed of electrostatic inter-
actions due to electric moments [34,35]. Serious
problems of the core-peel method are summarized
as follows: (1) In molecular systems, interactions
are highly anisotropic, and thus the angular de-
pendence up to the second-order terms may lead to
considerable errors. (2) Expansions of radial parts
in terms of TTVDW forms may also lead to seri-
ous errors, since quantum chemical interactions
between molecular orbitals are not necessarily
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described by simple electrostatic interactions of
local electric moments. In order to avoid such
difficulties, quantum chemical ab initio methods
are preferable and more promising, since no as-
sumptions of functional forms are included. Some
care should of course be paid for the use of
quantum chemical methods: (1) Suitable levels of
diffuse functions should be included in the basis set
to remove BSSE. (2) Inclusion of electron corre-
lation effects should be made carefully to obtain
sufficient accuracies. Present calculations of the
entrance potentials indicate that quantum chemi-
cal calculations tend to underestimate electron
correlation effects especially for the lower parts of
the repulsive wall. The fixed bond length may also
be a cause of the discrepancy for the entrance
potential.

For the exit potentials, electron correlation ef-
fects are unexpectedly not so dramatic, as can be
seen from the small difference among HF, OVGF,
and MRSDCI in Fig. 3b,c,d. This is probably due
to electrostatic interactions between a molecular
ion and a neutral He atom being dominant. It
should be noted that the exit potentials for X and
B states are significantly different for the collinear
direction (6 = 0°), although Dunlavy and Siska
assumed these to be the same [14]. The special
reactivity for producing the B state can be related
with the larger K) value and the more non-
Franck—Condon behavior of vibrational bands for
the B state in comparison with those for the X
state. Provable reason for this may be the energy
gap between the target orbital and He 1s orbital
being the smallest for the 2o, orbital.

5. Concluding remarks

The present study demonstrates that the quan-
tum chemical approach using ab initio wave
functions rather than assuming traditional forms
of both real and imaginary parts of potentials are
promising for prediction as well as analyses and
interpretation of collisional ionization processes.
The present approach using a Li atom for He" as
well as an overlap approximation for I' to avoid
computational difficulties was found to be satis-
factory. The advantage of the quantum chemical

approach is the automatic inclusion of details of
anisotropic characteristics for molecular targets,
while for the assumed radial functions along with
the Legendre expansion many features tend to be
disregarded.
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