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ABSTRACT

Single-photon and resonant multiphoton ionization
studies, which can now be carried out using synchrotron
radiation and lasers, respectively, are providing important
dynamical information on molecular photoionization. We
have studied the underlying dynamical features of these
ionization processes using Hartree-Fock continuum orbitals
generated using the Iterative Schwinger Variational method
for solving the photoelectron collisional equations. Our
single-photon studies examine the important role that
shape and autoionizing resonances play in molecular photo-
ionization, while the multiphoton studies investigate the
ionization dynamics of excited electronic states.

We have demonstrated the subtle nature of shape

resonances in polyatomic systems such as C2H and C2N

2 2°
where the possibility of multiple resonances in a single
channel is observed. 1In addition, these resonant states
induce the breakdown of the Franck-Condon approximation as
well as the frozen core approximation in K-shell
ionization, as illustrated in our vibrationally resolved

studies of CO and the K-Shell studies of N, and CO

2 27
respectively. Critical comparisons with other theoretical
results and available experimental data have been made for
these systems.

Molecular autoionizing resonances are known to

dominate regions of the photoionization spectra. We have
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adapted and applied a generalization of the Fano treatment
for autoionization to molecular systems. Results for H2
and C2H2 autoionizing resonances are presented and
discussed.

Resonant enhanced multiphoton ionization (REMPI) is
currently being used to study the dynamics of state-
selected photoionization processes by laser excitation to
specific vibrational and rotational levels. As first

applications of a quantitative analysis for molecular

REMPI we have studied several ionization schemes in H
1

2’
such as (3+1) REMPI via the C Hu state, (2+1) REMPI via

the Blzu+ state, and (2+1) REMPI via the double-well

E,Flz + state. These ab initio studies are very useful in
understanding the underlying dynamics of molecular REMPI,
e.g., the observed non-Franck-Condon behavior of the
vibrational branching ratios in the ClHu and E,Flzg+
states can be primarily attributed to the internuclear
distance dependence of the electronic transition moments.
We compare and discuss our theoretical results with the

available experimental data.
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CHAPTER I

INTRODUCTION



Recent progress in experimental methods for studying
molecular photoionization has led to detailed characteri-
zation of the underlying dynamics for this process. As
discussed by Dehmer et al.,l synchrotron radiation provides
the tunable source of photons necessary to study the
continuous variation of molecular single photon ionization
cross sections with energy. Such experiments have shown
that electronic resonance phenomena play a very important
role in molecular photoionization. These resonces can be
classified as either single-particle (shape) cr
two-electron (autoionizing) in nature. 1In addition tc the
strong influence of these resonances on the cross sections
and angular distributions, they also lead to dynamical
features in the photoelectron spectra such as non-
Franck-Condon vibrational state distributions and
vibrational;state dependent photoelectron asymmetry
parameters. These single photon studies are thus
sensitive probes of the molecular continuum. Furthermore,
the technique of resonant multiphoton ionization using
pulsed dye lasers combined with photoelectron kinetic
energy analysis is now used to probe aspects of the
dynamics of molecular photoionization which are
complimentary to those usually studied with synchrotron

radiation.z-6 A remarkable feature of photoelectron
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spectroscopy based on such multiphoton ionization is that
the resonant state can be selected with respect to both
vibrational and rotational levels by specific laser
excitation. With this technique the spectroscopy and
dynamics of the excited resonant state can be studied with
very high resolution; also vibrational intensities and
photoelectron angular distributions can now be measured
for rotationally and vibrationally state-selected
molecules. Experimental studies to date in this area have
already shown interesting features, including
non-Franck-Condon distributions of vibrational states of
the ion, Rydberg-valence mixing, rotational and
vibrational state dependence of the photoelectron angular
distributions, and vibrational and rotational
autoionization. These and other proberties make resonant
multiphoton ionization a versatile state-specific probe of
molecules.

It is clearly important to develop a theoretical
framework that would not only enable us to understand and
predict the underlying dynamical content of these
molecular photoionization processes but would also be
useful in the analysis of experimental data, which is
becoming increasingly available in this field. At the
heart of any theoretical treatment of molecular
photoionization is the determination of the final
electronic continuum state. The solution of the equations

for these continuum states is complicated due to the



4

non-local and highly anisotropic molecular-ion core
potential. For these reasons, accurate theoretical
treatments for molecular photoionization are less
developed than those used in the determination of bound
molecular electronic states and in related studies of
atomic photoionization.

In this thesis we discuss our theoretical studies of
these single and multiphoton processes. Our approach to
molecular photoionization assumes the Born-Oppenheimer
approximation and hence we work in the body-frame with the
nuclear motion taken into account in an adiabatic fashion.
This reduces the problem to solving the Schrodinger
equation for the electronic motion with the nuclear
geometry fixed and considered parametrically. The
N-electron final state wavefunctions are composed of (N-1)
bound electrons representing the ionic core and the
continuum photoelectron. In general, we use the
frozen-core Hartree-Fock approximation with the N-electron
wavefunction represented as a single configuration and the
(N-1) bound orbitals constrained to be identical with
those of the neutral molecule. The continuum orbital is
then determined in this realistic potential by the direct
solution of the electron-molecular ion collisional

equations using the iterative Schwinger variational

method of Lucchese et al.7 Final state corre-
lation effects are included by the method of

configuration interaction in the continuum,
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originally proposed by Fano.8 In the expansion for the
final-state wavefunction we use the single-particle

Hartree-Fock continuum orbitals as a zeroth order basis.

SHAPE RESONANCES

Chapter II of this thesis discusses the application
of the iterative Schwinger variational method to the study
of shape resonance phenomena. These quasi-bound states
are formed by the trapping of the photoelectron by the
centrifugal barrier of the molecular force field. Being
one-electron in nature, these resonances should be
adequately described in the static-exchange approximation
with Hartree-Fock continuum orbitals. This has been
previously demonstrated in N2, CO2 and NO.7 Applications
of this method are extended to larger polyatomic systems,
e.g.,C2H2 and C2N2, which display more subtle shape
resonant structure. These features are discussed in
Sections A and B. In addition, non-Franck-Condon behavior
is investigated in valence photoionization of CO, where
excellent data for vibrational branching ratios and
vibrationally resolved asymmetry parameters are

available.g’10

This behavior is induced by the presence
of a shape resonance, which causes a rapid variation of the
electronic wavefunction with internuclear distance. We
report and compare our calculated results with the

experimental data and other theoretical approaches.ll In
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contrast to earlier interpretations, our results indicate
that the observed structure probably results from
autoionization with the shape resonance induced
non-Franck-Condon behavior occurring outside the measured
photon energy range. Finally, shape resonances have been
investigated in K-Shell photoionization. The use of the
frozen core approximation can become inadequate for low
kinetic energy shape resonances since the trapped
photoelectron experiences the relaxation of the
molecular-ion core. Approximate methods for incorporating
relaxation effects are discussed and implemented for

and CO,.

K-Shell ionization of N2 2

FINAL STATE CORRELATION EFFECTS

In Chapter III we discuss the development and
application of our ab initio treatment of autoionization
in molecular photoionization. The autoionizing state is a
discrete level embedded in an underlying continuum,
and it is the inclusion of correlation effects,
instantaneous electron-electron repulsion, which couples
these zeroth order states. We have tested our method with
a study of the known autoionizing Rydberg lzu+ (louZOg)
state of H2 and compared our results to previous
treatments.12 Of greater current interest is the role

that autoionizing states play in the pronounced

double-bump structure seen in the 12-17 eV region for
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ionization of the lﬂu level of C,H Presently, there is

27°2°

no definitive quantitative understanding of the observed
resonant structure. We have assessed the influence of the
autoionizing lHu (20u > lﬁg) valence state on the photo-
ionization cross sections and asymmetry parameters. These
results are discussed and compared to the experimental
datal3—16 and previous semi-empirical treatments.l7 To our
knowledge this is the first non-empirical study of auto-

ionization in such polyatomic systems.

RESONANT ENHANCED MULTIPHOTON IONIZATION (REMPI)

Chapter IV details our initial investigations of
multiphoton processes in molecules. The purpose of this
work is to understand the dynamical features observed in
the photoionization spectra and photoelectron angular
distributions. Our approach consists of viewing the (n+m)
REMPI process as a two-step event. The resonant
intermediate state is reached by n-photon excitation from
an isotopic initial state. The orientation of the
resonant state is nonisotropic and is characteristic of
the n-photon absorption. This oriented state is
subsequently ionized by absorption of m additional
photons. If m is greater than one, accidental resonances
may occur in the ionization step which can influence the
resulting ion/electron signal. Therefore (n+l) REMPI

processes are attractive, both experimentally and
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theoretically, as the probe of the resonant state is

"clean."
In our first set of REMPI studies we have analyzed

the vibrational branching ratios and photoelectron angular

distributions via the Rydberg ClHu—, the Rydberg-valence

+ : & o G
E,Flz state, and the B12:u+ state of H,. In addition to

2
final vibrational state resolution the Blzu+ state

calculations were rotationally resolved. These studies

were motivated by the recent REMPI experiments by Pratt et

4,5 6

al and Anderson et al. Pratt et al.4 reported the

photoelectron energy spectra resulting from (3+1)

ionization through the Cl

Hu— state. This experiment
illustrates the remarkable selectivity achievable in

resonant multiphoton ionization since, although the v'=0-4

+
levels of the clnu state are perturbed by various levels
of the Blzu+ state, the ClHu_ component is unaffected. 1In

this experiment these perturbations were avoided by tuning
the laser in resonance with the Q(l) line, which accesses
only the T~ componenﬁ. The measured branching ratios
displayed highly non-Franck-Condon behavior.

Non-Franck-Condon behavior was also observed by Anderson

et al.6 in the photoelectron spectra and angular
distributions for (2+1) REMPI via the double-well E,FlZg+
state. Here,significant non-Franck-Condon behavior is
expected because of the sensitivity of the electronic

wavefunction of this Rydberg-valence state to the inter-

nuclear distance (R). This study also demonstrates that
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REMPI processes can be used to probe complicated neutral
excited states. 1In another experiment Pratt et al.5
reported partially resolved rotational photoelectron

1

spectra in the (3+1) REMPI via the B Zu+ state of H..

2
They observed several interesting features such as
photoelectron spectra,which depend on the rotational
levels of the intermediate state and the suppression of
transitions that involve the transfer of three units of
angular momentum.

Our theoretical studies addressed the influence of
the energy and internuclear distance dependence of the
electronic transition moments on these branching ratios
and photoelectron angular distributions. Critical
comparisons with the existing experimental data are made
and reasonable agreement is found. These calculations
indicate the usefulness of a quantitative theoretical

treatment for a detailed understanding of REMPI processes

in small molecules.
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SECTION A
STUDIES OF THE PHOTOIONIZATION

CROSS SECTIONS OF ACETYLENE
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I. INTRODUCTION

o~

Recent experimc—:‘ntall"6 and 1:heore1:ical7-9 studies have

shown that shape resonances play a major role in molecular
photoionization. Shape resonances lead to important effects in
the photoionization cross sections and photoelectron angular
distributions. For example, such resonances can induce large
deviations of the vibrational branching ratios from those based
on Franck-Condon factors. To date, studies have shown that the
Hartree-Fock approximation can provide a very useful quantitative
description of these shape resonant effects in molecular photo-
ionization cross sections.s_14

In this paper we present the results of our studies of the
photoionization cross sections of acetylene and, in particular,
of the role of shape resonances in these cross sections. The
cross sections are obtained from the direct solution of the
electron-molecular ion collisional equations in the frozen-core
Hartree-Fock (FCHF) approximation at the ground state equilib-
rium geometry of acetylene. The continuum Hartree-Fock equations

15 which we have

16

were solved by the iterative Schwinger method
used in our earlier studies of the photoionization of N,,
c0,,17 0,18 and co.1®

We have obtained the photoionization cross sections and
photoelectron asymmetry parameters for the valence molecular
orbitals (1w, 3og, Zou, and 20g) and for the K-shell orbitals
(10g and 10u) of acetylene. These results are compared with

6,20-23

available experimental data and with results obtained

using the Stieltjes-Tchebycheff moment theory (STMT) approach24
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and the continuum multiple scattering mode1.21'22

Of particu-
lar interest in C,H, is the double bump structure around 14eV
in the 2Hu photoionization spectrum. Several recent experi-

menta1%+20-22,25,26 20,21,26,27

and theoretical studies have
addressed the question of the nature of the underlying reso-
nances in this region, e.g., to what extent is this structure
due to shape or autoionizing resonances or to some combination

of such resonances. Although no firm understanding of this reso-
nant excitation mechanism has yet emerged, it seems certain that
the autoionizing 1Hu(20u -+ lng) valence state contributes to the

structure in this region.G’20

The present results show that,
while the lﬂu+ kog and kég one-electron continua are non-
resonant in this region, the cross section could be significantly
enhanced by a shape resonance in the lﬂu+ kng continuum around
13eV. This interpretation depends very critically on the ques-
tion of the location of the 1Zu+(1ﬂu* lng) state in acetylene.
Electronic structure calculations indicate that this transition
lies just above the 1ﬂu ionization threshold_and, in fact, causes
the shape resonance in the lﬂu+ kﬂg continuum. This is quite
different from the analogous situation in N, where the

lzz(lnu» lng) state is known to lie well into the discrete

region of the spectrum and hence the krm_ continuum function can

g
: 16,28
be constructed orthogonal to the 1wg orbital.

‘Final-
state correlation effects must play an important role in any
quantitative interpretation of the resonant structure in this
region.

As expected, the o4 photoionization continuum of acetylene



16

is shape-resonance enhanced. The cross sections and eigen-
phase sums for this continuum show some interesting features.
For example, the eigenphase sums indicate that there are two
shape resonances in this channel. Around a photoelectron
kinetic energy of 2eVs the first shape resonance has a pro-
nounced effect on the cross section and asymmetry parameter for
ionization out of the Sog level. This shift in shape resonant
activity from a photoelectron kinetic energy of about 15eV in
N, to 2eV in C,H, is consistent with the changes in nuclear
separations and confirms the trends previously seen in the
measured Cross sections20 and in the STMT calculations.z4 The
second shape resonance feature is much broader, lies at higher
energy, and is not noticeable in the vibrationally unresolved
cross sections and angular distributions for the 30g level.
However, the effects of both this resonance and the lower
energy one are very evident in the 20g photoionization cross
sections. The effects of these shape resonances on the valence

shell and K-shell cross sections are discussed in some detail.

II. METHOD

-~ o .~~~

The rotationally unresolved, fixed-nuclei photoionization

cross section is given by
4m2y > 2
o(R) = —— | < ¥.(1,R) [u|¥.(r,R) > 1
3C B f »

where ﬁ is the dipole moment operator and w the photon fre-

quency. In Eq.(1) Wi(g,R)iS‘the initial state of the molecule
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and Wf(g,R) the final ionized state. 1In these studies the
final state wave function is obtained using the frozen-core
Hartree-Fock (FCHF) approximation. In this approximation the
final state is described by a single electronic configuration
in which the ionic core orbitals are constrained to be identi-
cal to the HF orbitals of the neutral molecule and the contin-
uum orbital hence satisfies the one-electron Schrodinger equa-
tion

2

(- 3 7% % Vg3 (5R) - §) o (5B = 0 (2)

2

(Sl

2
where % is the photoelectron kinetic energy and ¢k satisfies

the appropriate boundary conditions. The key step in the study
of molecular photoionization cross sections at any level of
approximation is the determination of these Hartree-Fock con-
tinuum functions, ¢k.

To obtain the c;ntinuum orbital ¢k it is convenient to work

with the integral form of Eq.(2). The partial wave components

of ¢k’ which are defined by the expansion

2P (4

)2y = (2% L (=) 7y ¢
o (™) = (8% 1 1 e Vigm (F) Yo (900, (3)
=0 mM=-

then satisfy the Lippmann-Schwinger equation

(=) _ (=) (=)
Yiem = Skem * G T U VYiem (4)
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(=)

where Gc

is the Coulomb Green's function with incoming-wave
boundary conditions, U = 2V where V is the molecular ion poten-
tial , VN—l’ with the Coulomb component removed, and Skﬂm is
the appropriate partial wave Coulomb function. 1In Eq.(3) an
infinite sum over £ has been truncated at £ = Ep. We have re-
cently developed an iterative approach to the solution of
Eq.(4) which is based on the Schwinger variational prin-

15,20 Applicationsle-19 have shown that the method is

ciple.
an effective approach to the determination of these continuum
solutions for molecular ion potentials. Details have been dis-
cussed elsewhere15 and here we will discuss only a few essen-
tial features of the method. In this approach we first solve

the Lippmann-Schwinger equation by assuming an approximate

separable form for the scattering potential, U

Ur,r') = Uz, = § <r [U]a; > (U-l)ij

x < aj]U|£‘> (5)

where the matrix (U-l)ij is the inverse of the matrix with ele-
ments Uij = <ai|U|c{j>. With this approximate potential, US,

the solutions of Eq.(4) are simply

(0) = ] al=) -1
Viepm(X) = Sppn(X) +a2 . <zl6, " vlay > (@™ <auls ) > (6

i°J

where
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- e ()
D; <ai|U UG, Ulaj> ; (7)

The use of a separable potential of the form of Eq.(5) in the
solution of the Lippmann-Schwinger equation for w;;: can be
shown to be equivalent to using the functions, ai(f)’ in the
Schwinger variational principle for collisions.30 At this
stage these functions can be chosen to be entirely discrete
basis functions such as Cartesian or spherical Gaussian func-
tions which are known to be very effective in representing the

multicenter nature of molecular electronic eigenfunctions.31

With suitable basis sets, the solutions w;g; can already
provide quantitatively reliable photoionization cross sections
which, moreover, can be shown to be variationally stable at the
Hartree-Fock level.19 We have, however, also developed an itera-
tive procedure for obtaining the converged solutions of Eq.(2).
The details of this approach are discussed elsewhere.29 The re-
sults presented in this paper were generally calculated with
continuum functions obtained after two steps in the iterative

procedure.

For the initial state Wi of Eq.(1), we generally use the
SCF wave function but, in certain cases, we will include some
effects due to electron correlation by using a configuration
interaction wave function. In addition to the dipole length
form given in Eq.(1l) we also obtain cross sections and asymmetry
parameters in the dipole velocity form. The difference between
these two forms of the cross section can generally be viewed as

a measure of electron correlation effects.32



20

111, RESULTS

The ground state electronic configuration of acetylene is
log2 I?uz 20g2 Zou2 30g2 1nu“. The SCF wave function for the
neutral C,H, molecule was constructed from a [3s2p|2s] Cartesian
Gaussian basis set contracted from a primitive (955p|4s) basi531
augmented with a set of d and p polarization functions on the
C and H centers respectively. The exponent for the d function
was 0.75 and 1.0 for the p function. The calculations were
done at the equilibrium geometry with C-C and C-H bond lengths
of 2.2734 a.u. and 2.003 a.u. respectively. The SCF energy with
this basis and geometry is -76.831406 a.u.

To obtain the final state one-electron continuum func-
tions used in these studies, the various matrix elements associ-
ated with Eq.(6) must be evaluated. All matrix elements were
computed by a single-center expansion technique with radial in-
tegrals obtained using a Simpson's rule quadrature. Detailed
discussions of the numerical methods used have been given else-

16,17 : 2 ;
By The various partial wave expansion parameters were

where.
chosen as follows:

(1) maximum partial wave included in the expansion of the
scattering solution = Ep = 10(Og,ﬂg), 11(ou,wu), and S(Gg);

(2) maximum partial wave retained in the expansion of the

occupied orbitals in the direct potential = Zidlr = 30;
(3) maximum partial wave retained in the expansion of the
occupied orbitals in the exchange terms = Eix = 20(10g), 12(20g),

12(30g), 19(10u), 11(20u), and 11(1nu);
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(4) maximum partial wave retained in the expansion of
1/r;> in the direct potential = Agir =60;
(5) maximum partial wave retained in the expansion of
1/r;, in the exchange terms = A;x = 30.
All other partial wave expansions were truncated at £ = 30.
For the radial integrations, the grid contained 1000 points
and extended to 79 a.u. with the smallest step size being 0.0la.u.
and the largest step size 0.16 a.u.
Table I lists the initial basis sets used in Eq.(6) for
each symmetry. The basis set contained spherical Gaussian

functions, defined by

«, ) - (8)

A. The Xzﬂu state

In photoionization leading to the }(Znu state of CZH:,
an electron is ejected from the 1ﬂu orbital into a continuum
orbital of og, "g’ or Sg symmetry. We i;:e the ionization
potential for this channel to be 11.4eV. Figure 1 shows the
kog, kng, and kég components of this cross section obtained
using continuum functions which are solutions of the appropriate
static-exchange potential for the singlet-coupled final states,
e.g., 12:(1nakng). Results using continuum solutions obtained

after one iteration and a Hartree-Fock initial wave function

are shown. In Fig. 2 we compare
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the calculated total cross sections with the synchrotron radi-
ation measurements of Unwin and Bradshaw.20 This data has
been normalized to our calculated dipole length cross sections
at a photon energy of 24eV.

A comparison of the cross sections in Fig. 2 shows
clearly that the double bump structure around 14eV is due to
autoionizing resonances, the effects of which are not included
in the present calculations. This structure has been inter-
preted previously in terms of autoionization?’zo but our re-
sults indicate that the prominent peaks around 13eV and 15eV
are due to one, or possibly two, autoionizing resonances inter-
acting with a shape-resonance enhanced background continuum.
This is essentially the interpretation of these features re-
cently given by Parr et a1.6 in which the autoionizing transi-
tions were identified as 30g * no, and 2cu - lng at around
13.3eV and 15.5eV respectively. We note that the 30g -+ no,
(*17) and 20 -+ 1m (*N,) transitions will be coupled to the
1wu -+ kng(lzz) and lwu > kog, ng(IHu) continua respectively.
Recently, Levine and Soven,34 using a time-dependent local-
density approximation to the RPA, accounted for the 15.5eV
peak and about half of the peak at around 13eV assuming a
single 20u -+ lwg autoionizing resonance. In this model sub-
stantial intensity is shifted from below the ionization thres-
hold in the continuum due to electron correlation. This view
differs from our present suggestion that the 1ng -+ nng state

already lies in the continuum at the Hartree-Fock level of

approximation.
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The cross sections of Fig. 1 show the shape-resonance en-
hancemgnt of the ﬂg continuum. This enhancement is due to the
”1nu - lng" transition which lies in the continuum, at least
in the Hartree-Fock approximation. No definitive assignment
of an intravalence 12:(1nu 2 lng) transition has yet been made
in the discrete spectrum of acetylene. If such a transition
does lie well below the 2TIu ionization threshold, then the enhance-
ment of the lnu -+ kﬂg cross sections in Fig. 2 could be an

artifact of our Hartree-Fock description of the final state



24

wave function in which electron correlation effects are neg-
lected. This is exactly what happens in the lnu o+ kng contin-
uum of N, where the 12:(1ﬂu -+ lwg) intravalence state is clearly
spuriously pushed into the continuum in the Hartree-Fock
approximation.28 Ir. Ref. 16 and 28 this deficiency of the Hartree-
Fock votential was removed by constructing the kwg continuunm to
be orthogonal to the valence-like lng orbital of the

32:(1nu -+ lng) state. As expected, the resulting cross section
was substantially reduced and, in fact, was essentially equiva-
lent to those obtained using the kng continuum of the static-
exchange potential of the 32:(1nu > lng) state, i.e.,the triplet
potential. Figure 3 compares the cross sections for the 2Hu
state in which the kng contribution was obtained with continuum
solutions of the singlet and triplet potentials. With the use
of the triplet potential all evidence of the shape resonance has
disappeared and the corresponding cross section has been reduced
to a very small value. The use of the triplet kwg continuum is
extreme since we have seen that it is virtually equivalent to
orthogonalization to a Very valence-like wg orbital of the

+
a8 The +3 (17317 )
u u g

32:(1n3 lng) state which lies at around 5.2eV.
state lies at higher energy and its “g orbital can be substan-
tially different from that of the triplet state. In fact, ex-
tensive RPA calculations give a valence-like E: state at 12.95eV
with an oscillator strength of about 0.5.36 This result indic-
ates that the valence-like 12: state may actually be in the Znu

continuum or, if not, at least close to its threshold. The

probable role of final-state correlation effects on this shape
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resonance along with the autoionizing features in this same
spectral region will make studies of these cross sections both
challenging and fruitful. Absolute measurements of these cross
sections would be useful.

A comparison of the results of Fig. 1 and 2 obtained with
the dipole length and velocity forms of the oscillator strength
again shows that electron correlation effects are important in
these photoionization cross sections. Such effects are expected
to be more pronounced in the kng subchannel than in the kog and
kég. The difference between these two forms of the cross sec-
tions is substantial even out at a photon energy of 24eV where
the experimental results of Ref. 20 were normalized to the length
form of the calculated cross sections in Fig. 2. With this choice
of normalization, the autoionizing feature around 15eV has a cross
section close to 60 Mb while Fig. 4 shows that a similar normali-
zation to the velocity cross sections at 24eV gives the same fea-
ture a cross section of about 30 Mb. Although the synchrotron

20

radiation measurements of Unwin and Bradshaw “ are relative, the

absolute cross sections in this spectral region have been studied

25,37,38

with conventional light sources. The measurements of

a7 and of Schoen38 both give a value of about

Walker and Weissler
60 Mb for the cross section for the autoionizing feature at 15eV
whereas Metzger and Cook25 report a value of about 37 Mb. The
discrepancy between these two measurements is large enough that
one cannot unambiguously decide, on this basis, which normaliza-
tion of Unwin et al.'s data, e.g., to the calculated length

cross sections of Figs. 2 or 3, leads to the correct cross sec-

tions. This is unfortunate since such a comparison would tell
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whether the lnu - kng shape resonance feature in the cross
sections of Fig. 2 is spurious or not. However, a comparison
of the relative data of Unwin et a1.2O with the measurements of
Refs. 25, 37 and 38 does suggest that the normalized cross
sections of Fig. 1 are probably closer to the correct ones.
Such a conclusion would indicate that the kng continuum is
shape resonant.

In Fig. 5 we compare our calculated photoionization cross
sections with those of the continuum multiple scattering model?1
There are clearly substantial differences between these two sets of
cross sections which arise primarily from the kng and ng con-
tinua. 1In the ng continuum this difference must be due to the
sensitivity of the cross section on the implied location of the
"1wu > 1ng“ transition relative to threshold. Differences in
the lﬂu -+ kdg component result more directly from the approxi-
mate potentials assumed in the multiple scattering model.

Figure 6 compares the ln;1 cross sections obtained by the
Stieltjes moment theory method24 with our calculated cross sec-
tions of Fig. 3. In these moment theory calculations the
lnu - kng contribution was obtained with the triplet-coupled
potential, a procedure we have shown to be essentially equiva-
lent to orthogonalizing the singlet ng continuum functions to

the valence-like lng orbitall.s’28

Moreover, the lnu > k5g partial
channel cross section was also calculated with the triplet poten-
tial since the singlet potential appropriate to the lﬂ; ng con-
figuration is not expressible in terms of the usual Coulomb and

exchange operators when real valued molecular orbitals are used.
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The moment theory calculations24 were performed using standard
bound state computer codes which require that all potentials be
expressible in terms of the usual J and K operators. 1In our
cross sections of Fig. 3 the ng contribution is obtained with
the triplet potential but for the Gg component we used the cor-
rect singlet-coupled potential. The significant difference at
low energy between the present cross sections and those of the
moment theory occurs in the Gg component. In fact, the use of
the triplet potential in this channel has led to a broad peak
in the cross section around 12 to 13eV which is not present if
the correct singlet potential is used and which fortuituously
coincides with the first peak of the double bump structure ob-
served around 13eV.

In Fig. 7 we compare our calculated asymmetry parameters
for the 1wu orbital with the measured values of Parr et al.6
for the v, = 0 vibrational band and with the multiple scatter-
ing results of Ref. 22. For clarity, we do not show the com-
plete set of data actually reported in Ref. 6. We also choose
to compare our fixed-nuclei results with the measured values of
the v, = 0 band since this is the dominant vibrational transi-
tion. The calculated asymmetry parameters clearly do not show
the strong dip around 14eV seen in the measured data and which
is clearly due to an autoionizing resonance. Characteristically
of photoionization of a m orbital the calculated parameters
rise rapidly from a low value near threhold to a value of about
unity at higher energy. The calculated parameters are obtained
with the singlet-coupled potential. The parameters obtained

with the triplet potential are similar in shape to those of
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Fig. 7 but notably smaller in magnitude between threshold and

20eV.,

+
B. The AZZg_ state

In the one-electron picture used here the AZE; channel
corresponds to photoionization from the 3og orbital into the
oy °T T, continuum. Figure 8 shows the calculated photoioniza-
tion cross sections using continuum solutions obtained after
one iteration and a Hartree-Fock initial state wave function.
The use of a correlated initial state wave function changed
these cross sections only slightly and hence, for this and
the remaining channels, we will discuss only the results ob-
tained with a Hartree-Fock initial state. In Fig. 8 we also
show the synchrotron radiation measurements of Unwin and
Bradshaw20 normalized to the calculated dipole length cross
sections at a photon energy of 20eV. Our photon energy scale
assumes the experimental ionization potential of 16.4eV.33

The sharp feature in these cross sections just above
threshold is caused by the shape resonance in thecalcontinuum.
This behavior is clearly analogous to that of the 30g -> kou
channel in N, and, moreover, the shift in the shape resonant
activity from a photoelectron kinetic energy of 15eV in N, to
about 2eV in C,H, is consistent with the changes in nuclear
separations of these two molecules. With the experimental data
arbitrarily normalized to the calculated values at 24eV, our
peak cross sections near threshold are obviously too low. The

difference between the calculated and observed cross sections

in this important region clearly depends on where this
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normalization is carried out. Absolute measurements of these
cross sections would be useful. Our cross sections and those
of the Stieltjes moment theory method24 show the same overall
behavior.

The calculated asymmetry parameters of Fig. 9 show the ex-
pected dip near threshold and agree quite well with the measure-
ments of Keller22 which unfortunately do not extend to low
enough energy to show the rapid change in B predicted near
threshold. Extension of these measurements to lower energies
would be desirable. The B values based on the multiple scat-
tering mode122 do not agree very well with either our calcu-
lated values or with the experimental data.22

In Fig. 10 we show the calculated eigenphase sum for the
Oy continuum of this AzZ; ion. The rapid increase in this
eigenphase sum between threshold and around 2leV is
obviously due to the shape resonance responsible for the pro-
nounced features in both the fixed-nuclei cross section and
asymmetry parameters of Figs. 8 and 9 respectiﬁely. However,
the behavior of the eigenphase sum above 35eV indicates the
presence of a broad resonance which does not have any notice-
able effect on the calculated vibrationally unresolved cross
section or asymmetry parameters. The effect of this broad

shape resonance may be more evident in vibrationally resolved

cross sections or in photoionization out of lower lying levels.
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+
C. The Bzzu state

In the BZZ: channel photoionization occurs out of the
2ou level into the cg and ng continua. Figure 11 shows the
20ﬁ =* kog and kng components of this cross section along with
their sum, the synchrotron radiation measurements of Unwin and
Bradshaw,20 and the cross sections obtained by the Stieltjes
moment theory me't:hod.24 The experimental data has been nor-
malized to our calculated cross sections at a photon energy
o0f 28eV. The photon energy scale assumes an ionization poten-
tial of 18.7eV.33

From the results of Fig. 11 we see that the calculated
cross sections rise too rapidly below 25eV and are consid-
erably larger than the measured values near threshold. Al-
though this behavior is more pronounced in the og continuum,
it is also evident in the ﬂg cross sections. In contrast the
experimental cross sections are quite flat over the range of
photon energies in Fig. 11. As suggested previously,24 this
behavior in the 2ou ¥ kog photoionization cross sections is
caused by a discrete valence-like Zou -+ nog transition about
leV below ionization which leads to this threshold value. We
believe that the similar behavior of the ng cross sections is
probably due to the influence of the intense discrete
20u -+ nng transition.24 We note that in N;, the calculated
20u photoionization cross sections did not show these large
threshold values in either the og or "g continuum and, in
fact, were quite flat and in good agreement with the measured

values.16 For N, the calculated spectrum of excitation fre-

quencies and oscillator strength539 does not show any analogous
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strong Zou ¥ nog discrete transition and the relevant intense
20u -+ nng transition occurs near 5eV below threshold, about
2eV lower than in the case of C,H;. Finally, our calculated
cross sections are quite similar to those of the Stieltjes
moment theory method.24
Figure 12 shows the calculated asymmetry parameters for
the 20u level. The behavior of these B values near threshold
is again probably influenced by the strong 20u -+ nog transi-
tion just below threshold. The single experimental result
shown is the value reported for vertical ionization at the

Hel line.40

amnvaanvacmanamvaPaoaaana

For ionization out of this inner-valence region in C,H,
and other hydrocarbons, the intensities of satellite bands can
be substantial and hence the association of one spectral line

with photoionization out of a particular molecular orbital be-

comes less valid.41 Of the two bands at 23.5 and 27.5eV that
can be associated with ionization from the Zog level, the 20g
ionization potential is assigned to the dominant peak at
23.5eVﬂJ'For the present purposes, we will present cross sec-
tions assuming that ionization occurs exclusively from the 20g
level. These cross sections display the important character-
istics of the electronic continua and can, moreover, be used in

conjunction with amplitudes and poles of the one-body Green's

function to obtain the correct intensities.‘l1
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Figure 13 shows the calculated photoionization cross
sections for this level along with the results obtained by the

STMT method.24

These cross sections show the enhancement due
to the shape resonant behavior of the Oy continuum around 26eV
and again around 45eV. From these cross sections, as well as
from the associated o, eigenphase sums in Fig. 14, we see that
the resonance at higher energy is considerably broader than
the resonance near threshold. The & eigenphase sum for this
channel is quite similar to that of the 30;1 channel but,
whereas the enhancement of the cross section due to the higher
energy shape resonance is quite evident for ionization out of
this inner-valence 20g level, no such enhancement is seen in
the vibrationally unresolved cross sections for the Valence
30g level. By comparison, the cross sections of the STMT
method indicate that this approach has smoothed away the broad
double-hump structure in our cross sections caused by these two
shape resonances.

Figure 15 shows the B parameters for this level calcu-
lated in the dipole length approximation. The effect of the
near-threshold shape resonance on these B parameters is very
evident whereas there is essentially no effect due to the
higher energy resonance. Vibrationally resolved studies of

these angular distribution parameters would be useful.

E. The K-shell

T T e e e e T T S

Figure 16 shows the four partial cross sections for photo-

ionization from the lcg and lou K-shell levels. The photon
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energy scale in this figure assumes an ionization potential of
291.1eV.23 The lcg cross section is dominated by the oL shave
resonance which has a peak position at about 311eV. The low
energy resonance feature in this continuum seen in the Zog and
BOg cross sections is no longer present suggesting that the
resonance state has moved below threshold. For comparison we
also show the values for this lcg > kOu cross section obtained
by the STMT method.24 The STMT results show a slightly broader
resonance feature with a peak value and position shifted to
lower values. The lou > kog partial cross section is again

relatively large near threshold reflecting the influence of

the valence-like lou =¥ nog transition.

The four components of the log and lou cross sections of
Fig. 16 are combined in Fig. 17 and compared with the measured
(e,2e) intensities for K-shell photoionizaticmz3 and with the
results of the STMT method.24 Both sets of calculated intensi-
ties were obtained from the corresponding photoionization cross
sections?2 The present results have been normalized to the experi-
mental intensities at 320eV. Normalization was carried out at
320eV in order to avoid the threshold region where shake-up
effects are evident. Moreover, both sets of calculated cross
sections agreed at this energy. A comparison of these cross
sections shows that the resonance feature around 310eV is more
pronounced in our results than in both the experimental or
STMT intensities. This difference between the calculated in-

tensities comes primarily from the behavior in the 10g -+ kou
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channel. These differences can be due to the use of too few
spectral points in the region of the shape resonance in the
STMT studies.17 Vibrational aberaging of these resonant
cross sections could broaden these calculated intensities and
remove some of the differences between our results and the
experimental data in this region. The calculated K-shell
asymmetry parameters are shown in Fig. 18. The effects of

the shape resonance around 310eV is clearly evident. No

measured values of these parameters have been reported.

IV. CONCLUSION

P N VR VR VR U

Accurate fixed-nuclei frozen-core Hartree-Fock photoioni-
zation cross sections have been obtained for the valence,
inner-valence, and K-shell orbitals of C,H,. We have compared
these cross sections with available experimental data and with
the results of calculations by the STMT method and the multiple
scattering approach. These comparisons illustrate the need to
obtain photoionization cross sections at the Hartree-Fock con-
tinuum level as an initial step in the understanding of molec-
ular photoionization spectra. For example, the present re-
sults show that a shape=resonance enhanced ng continuum may
play an important role in the 2Hu(l'nu—l) photoionization
cross sections in the same 11-16eV region where features due
to autoionizing resonances are now well established.e’20
Further clarification of the underlying resonant structure in

this spectral region will require studies of these cross sec-

tions which include final state correlation effects for both
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the shape and autoionizing resonances. Absolute measure-
ments of the vibrationally resolved cross sections in this
region are needed. Another important conclusion of these
studies concerns the behavior of the o4 continuum where two
shape resonances are seen. For ionization out of the 30g
level the lower energy resonance is very pronounced in both
the cross sections and asymmetry parameters whereas the
higher energy resonance is not at all evident in these fixed-
nuclei results. Vibrationally resolved studies in the region
of this higher energy shape resonance would be useful. On
the other hand the effects of both shape resonances are ob-

vious in photoionization out of the inner-valence 20g level.
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TABLE I. Starting basis sets for solution of Eq.(6).

Symmetry of Center £ m
continuum solution

1.0,0.5,0.25
1.0,0.5,0.25
4.0,2.0,1.0,0.5,0.25
1.0,0.5,0.25

1.0,0.5,0.25
4.0,2.0

1.0

0.5

0.8

Origin

O d N O N B O - O
O O O 0O 0O oo oo

1.0,0.5,0.25
1.0,0.5,0.25
4.0,2.0,1.0,0.5
1.0,0.5

1.0,0.5

4.0,2.0

1.0

0.5

0.5

Origin

N W H N O RO
O O OO0 O o o o o

1.0,0.5,0.25
0.5
1.0,0.5,0.25
1.0,0.5,0.25
1.0,0.5
1.0,0.5

0.5

Origin

(3 I I I ORI T O
L O O T

1.0,0.5,0.25
0.5
1.0,0.5,0.25
1.0,0.5

1.0

0.5

0.5

Origin

(I S U I S R
S S Y Y Y

1.0,0.5,0.25
0.5
1.0,0.5,0.2
1.0,0.5,0.25
1.0,0.5
1.0,0.5

0.5

C

Origin

O BN WN W N
NN DN
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FIGURE CAPTIONS

Figure 1:

Figure 2:

Figure 3:

Figure 4:

The lﬂu + ko kﬂg, and ké_ partial channel photo-

g’ g

ionization cross sections for CZH;'(dipole length
and dipole velocity forms): —&&—+&, 1nu+ kég
(length); © & , 1m, =+ kdg(velocity);—¢-— -,

lnu - kog (length); —— 4+ — | 1nu -+ kog (velocity);

—— — e 1-nu > k'ng (length); @®—ae@— ,

1nu - kng (velocity).

Photoionization cross sections for the X 2Hu state
of CZH;: —— , present results using the dipole
length form; — — — — , dipole velocity form; » ,
experimental results (Ref. 20) normalized to the

dipole length cross sections at 24eV.

Comparison of the dipole length cross sections for
the X 2Hu state of Cth using the singlet and triplet
potentials to obtain the lﬂu > kng component :

, singlet potential; — — — — triplet potential,
experimental results (Ref. 20) normalized to the trip-

let potential results at 24eV.

Photoionization cross sections for the X zﬂu state
of CZH: (same labels as in Fig. 2 but with the experi-
mental data normalized to the dipole velocity results

at 24eV).



Figure 5:

Figure 6:

Figure 7:

Tigure 8:
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Calculated cross sections for the X zﬂu state of
CzH;: ——— , present results with the dipole
length form and the singlet potential to obtain the
inm. - kng component; — — — — , multiple scattering

u
model (Ref. 21).

Calculated cross sections for the X 2Hu state of
Czﬂz: ——— , present results using the triplet
potential for the 1nu - kng component (dipole
length form); — — — —, Stieltjes moment theory
results (Ref. 24).

2

Photoelectron asymmetry parameters for the X Hu

+
state of C,H,: — — —, present results using the

singlet potential for the 1wu -+ kﬂg component

(dipole length form); —— —

—, multiple scatter-

ing results (Ref. 22); D , experimental results

(\)2 = 0; Ref. 6).

Photoionization cross section for the A 22; state

of Cszz ——— , present results (dipole length
form); — — — — , present results (dipole velocity
form); — — —— — , Stieltjes moment theory

results (Ref. 24); + , experimental results (Ref. 20)
normalized to our dipole length cross sections at

20eV.



Figure 9:

Figure 10:

Figure 11:

Figure 12:

Figure 13:

Figure 14:

Figure 15:
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Photoelectron asymmetry parameters for the A 22+
+

state of C,H,: — — —, present results (dipole

length form); — — —— , multiple scattering re-

sults (Ref. 22); D , experimental results (Ref. 22).
Eigenphase sum for the Sog > kou component.

Photoionization cross sections for the B 2Z+ state
of Cthz — = = . the 20u -+ kog component; —m — —— —
the Zou -+ kwg component ; ; 20u cross section
(dipole length form); — — —— _ y» Stieltjes
moment theory results (Ref. 24); + » €xXperimental

results (Ref. 20) normalized to our cross sections at

28eV.

Photoelectron asymmetry parameters for the B 22:
state of C2H§: ——— , present results (dipole
length form);<:>, experimental result at 21.22eV

(Ref.40).

Cross section for the (20g-1) 22; state of CZH::

——EB—— s present results (dipole length form);

— — —— , Stieltjes moment theory results (Ref. 24).

Eigenphase sum for the Zog -+ kou component.

Photoelectron asymmetry parameters for the

(20;1) 22; state of Czﬂt .



Figure 16:

Figure 17:

Figure 18:
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Calculated partial channel photoionization cross

sections for the K-shell of CZHt (dipole length

form): —— , lcu > kog component; — — —
lou - kng component; — — — — log -+ kou
component; — —— , 10g > knu component ;

—— — —— — , Stieltjes moment theory results

for the 10g -+ kou resonant component (Ref. 24).

K-shell photoionization intensities: ——— , pres-
ent results normalized to experiment at 320eV;
——— — —— —, Stieltjes moment theory results
normalized at threshold (Ref. 24); — — — — , experi-

mental results (Ref. 23).

K-shell photoelectron asymmetry parameters (dipole

length form).
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SECTION B
SHAPE RESONANCES IN THE PHOTOIONIZATION

OF CYANOGEN



63

1. INTRODUCTION

s o s s s s s s ot s s o i ot

Shape resonances play a central role in studies of the dynamics of molecu-
lar photoionization. They give rise to several distinct features in the photo-
jonization of molecules such as an enhancement of the cross sections, a pro-
nounced influence on the angular distributions of photoelectrons, and non-

Franck-Condon effects in vibrationally resolved spectra.l’2

These shape reso-
nances are quasibound states formed by the trapping of the photoelectron by the
centrifugal barrier of the molecular force field. A study of these resonant
features naturally provides significant physical insight into the underlying
photoionization process.

The effects of shape resonances and autoionizing features have been
studied in many molecules over a wide range of photon energies using synchrotron
radiation. These systems include, among others,3 N2,4 CO,5 CO;_,6 C52,7 and
CZH2.8 The availability of such experimental data and the difficulties associa-
ted with theoretical studies of molecular photoionization have stimulated the
development of various approaches to the calculation of these photoionization
cross sections. These approaches include the Stieltjes moment theory method
which avoids the need for the direct solution of the collision equations by ex-
tracting photoionization cross sections from spectral moments of the oscillator
strength distribution,9 the continuum multiple scattering model in which the
molecular potential is approximated so that the continuum equations can be
readily so'lved,10 and several methods for the direct solution of the Hartree-

1-15 qpece experimen-

Fock equations for the photoelectron continuum orbitals.
tal and related theoretical studies have served to clarify many important fea-

tures such as the positions and symmetries of shape resonances in several dia-
4,14,16-18 Co 5,16,19-21 021,22,23 24-26

6,27,28

and NO,
8,30,31

tomic molecules including N,

7,29

and in polyatomic molecules, e.g., CO, CS. and C2H,. The

6,28

results for CO, and C2H28’31 have already shown that resonance features in
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the photoionization of polyatomic molecules can behave very differently from
what could be expected on the basis of results for simple diatomic molecules.
Our understanding of the dynamics of shape and autoionizing resonances would
clearly benefit from an extension of current studies to larger molecular
systems.

In this paper we report the results of studies of the photoionization
cross sections and photoelectron asymmetry parameters for ionization of the
lwg(XZHg), Sog(AZE;) and 4ou(Bzz:) levels of cyanogen, C,N,. We chose this
system primarily for the interesting shape resonant structure which it can be
expected to exhibit. Specifically, there is the possibility of shape resonant
trapping arising from both the CN components of the molecule and from the C—C
bond itself. Moreover, the presence of two CN groups should result in reson-
ances corresponding to the in-phase and out-of-phase combinations of these trap-
ping sites. These resonances, which are derived from the C= N analogue of the
well-known o shape resonances in diatomic molecules, should occur in both the
og and oy continua. We can hence expect two shape resonances in the o, con-
tinuum, the lower energy one arising from the C— C bond and the higher one
arising from the CN groups, and a single shape resonance in the o continuum.

g

These o and og shape resonant features in the photoionization of the lwg,

Sog, 4ou, and lnu levels of C,N, have been discussed previously by Holland

].32 ].33 32

et a and by Kreile et a The synchrotron radiation studies™ extended

from threshold to a photon energy of 24 eV and hence, as we will see, did not
include the energy region where the 9, and og CN-related resonances occur.
However, our results show that the pronounced dip in the photoelectron asymmetry
parameter curve for the Sog level occurring at a photon energy of 16.5 eV is due
to the %Y C—C shape resonance, On the other hand, the similar behavior of the
asymmetry parameters for the 1“9 level in the same energy region32 is not due to

this shape resonance and is almost certainly an autoionization feature.32 The
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Nel, Hel, and Nell line source measurements of .the vibrationally resolved asym-
metry parameters also show strong evidence of the C-C o, resonance in photo-

ionization of the Sog orbita1.33 Studies of these photoionization cross sections

using the multiple scattering model predict both a high and a low energy shape

resonance in the %y continuum, a °g shape resonance, and a very pronounced shape

resonance in the “g continuum.33

A summary of our results for the shape resonant behavior in the electronic

continua of CZN: is as follows. The C-C % shape resonance occurs at a photo-

electron kinetic energy of about 2.5 eV while the og and o, shape resonances

u
associated with the CN groups are seen at kinetic energies of 18 eV and 27 eV,

respectively, or a o =0, splitting of about 9 eV. However, we also predict a

9
broad shape resonance in the T continuum with an onset just below a photon
energy of 26 eV. This shape resonance has not been previously identified. The
measured photoelectron asymmetry parameters, 8, do show a pronounced vibrational
state dependence at a photon energy of 26.91 eV with values of 0.52 and 1.09

33 Our

for v1 =0 and 1, respectively, in the symmetric C=N stretching mode.
calculated fixed-nuclei 8 value of about 1.1 at this energy is in poor agreement
with these measured 8's since the photoelectron spectra at this energy and

be1ow32’34

show that the intensity of the v;=1 member of this 22;(509'1) band
is much smaller than that of the v,=0 member and hence the fixed-nuclei result
can be expected to be close to 8(v,=0). Thesé results will be discussed fur-
ther in Section I1IB. With this m shape resonance and the two resonances in

u
features. The actual influence of a shape resonance in a specific continuum on the

the o continuum, photoionization out of the Sog orbital shows three resonance

vibrationally unresolved cross sections is also seen to vary sianificantly from chen-

nel to channel. For example, while the km shape resonance is pronounced in the cross
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sections for photoionization out of the Sog level, we see essentially no evidence
of this shape resonance in the vibrationally unresolved lng cross sections.

This shape resonance is, however, seen in the eigenphase sums in both channels.
Eigenphase sums are clearly very useful in identifying the presence and nature
of these shape resonances. In contrast to the results of the continuum multiple
scattering mode'l33 we do not see a shape resonance in the 4ou+kng cross sections.
Furthermore, the photoionization cross sections in some channels can

be affected substantially by electron correlation. For example, in the Hartree-
Fock approximation, a discrete level can be incorrectly forced into the contin-
uum, or too close to threshold, resulting in spurious behavior of the cross sec-
tions. For cyanogen, this occurs in photoionization of the lﬂg level into the kﬂu
and kou continua. These results suggest that vibrationally resolved measurements
of the photoionization cross sections and asymmetry parameters for cyanogen will
provide a rich source of dynamical information on molecular photoionization.

An outline of the paper is as follows. In Section II we give a brief dis-
cussion of the method used to obtain the Hartree-Fock electronic continuum or-
bitals needed in these studies along with several relevant computational details.
In Section III we present our calculated photoionization cross sections and
photoelectron asymmetry parameters for the 1n_, 5o

g g
compare these results with available experimental data and with the results of

33

, and 4ou levels of C,N,and
other calculations.

II. METHOD

s s ot e ot s o ot s

The rotationally unresolved, fixed-nuclei photoionization cross section

is given by

o(R) = AEI< ¥y(r,R) lul¥e(r ) >? W
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where u is the dipole moment operator and w is the photon frequency. In

~

Eq.(1) ¥, represents the initial state of the molecule with N bound electrons

and wf the final state with a photoelectron in the electronic continuum. The
representation of wf requires a set of continuum orbitals describing the motion
of the photoelectron in the nonlocal, nonspherical potential field of the molecu-
lar ion. In these studies we will use the Hartree-Fock continuum orbitals of the

molecular ion which satisfy the one-electron Schrodinger equation (in atomic units)
(- 3 02 + Vo (rR) - K)o (r,R) = 0 (2)
N-1'2° 2 Tk’

where %? is the photoelectron kinetic energy, VN_1 is the Hartree-Fock (static-
exchange) potential of the ion, and ¢k satisfies the appropriate boundary condi-
tions. We also use the frozen-core aaproximation and hence assume that VN_1 is
determined by the core orbitals of the neutral molecule.

The nonspherical and nonlocal character of molecular potentials introduces
several complications into the solution of Eq.(2) for continuum orbitals. In
our studies we will use the Schwinger variational procedure to solve Eq.(2) for

14,35 needed to obtain the photoionization cross sections

the continuum orbitals
and angular distributions of the photoelectron. Other techniques have also been
developed for the direct solution of the Hartree-Fock equations for these molecu-

3,11-15 Results to date have shown that there can be

lar continuum orbitals.
significant advantages in utilizing Hartree-Fock continuum orbitals explicitly
in molecular photoionization studies, particularly in regions of shape
resonances.3

We solve Eq.(2) by working with the integral form of this equation, i.e.,

= 2C & al=)

~ -~

where ¢E is the pure Coulomb scattering function, V is the molecular ion
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potential with the Coulomb component removed, and Gg') is the Coulomb Green's

function with incoming-wave boundary conditions,

<<
"

v +

N-1 (4a)

S|

eg‘) = (V2 + % # K~ 1807, (4b)

The continuum orbital ¢k(r) can be expanded in terms of spherical harmonics of

2. , the direction of k, as
" 3

2% 5 i *
o (r) = 7L 1 Oam(t) Yon(24) (5)
2 m k
where ¢k£m(f) is a partial wave scattering function. Each Srem satisfies its

own Lippmann-Schwinger equation, i.e.,

- (-)
Okam = Okam * G TV Sgn - (6)
We first obtain an approximate solution of Eq.(6) for ¢k£m by assuming a

separable approximation for the potential V of the form

Vir,r') = V3(r,r’) 2 < r|V|a > (V'l) < o Virs > (7)
- - 1sd
where the matrix (V'l)ij is the inverse of the matrix with elements Vij =
< ailvlaj > . MWith the approximate potential of the form of Eq.(7), the solu-

tions of the integral equation, Eq.(6), can be written

ﬁg%( ) = bp g * 2 < r|G( )Vla > (D" ) < a, |V|¢k£m (8)

9
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where the matrix (D'l)ij is the inverse of the matrix

D;5 =< mi]v-veé‘)vmj > . (9)

The use of a separable potential of the form of Eq.(7) in Eq.(6) to obtain

solutions of the form of Eq.(8) can be shown to be equivalent to using the

basis functions ai(r) in the Schwinger variational principle for co11isions.36

The functions ai([)can be chosen to be entirely discrete basis functions such

37 or spherical Gaussian28 functions. We note that with

(0)

discrete basis functions alone these approximate solutions S om satisfy

as Cartesian Gaussian

scattering boundary conditions. These discrete basis functions have been used

37

successfully in electronic structure calculations™’ and should be very effective

in representing the multicenter nature of the scattering wave function and
molecular potential in the near-molecular region. With adequate basis sets the
continuum solutions of Eq.(8) already provide quantitatively reliable, photo-
ionization cross sectionsz’3 which, moreover, can be shown to be variationally

stable at the Hartree-Fock 1eve1.38 Although we have developed an iterative

35

procedure for obtaining the converged solutions of Eq.(6),”" in these studies

the cross sections were generally determined using the approximate solutions

¢£2% obtained with an adequate expansion basis in Eq.(8). For photoionization

of the 509 level, we did, however, explicitly verify that the cross sections

changed only slightly with iteration. For example, at the peak of the shape

resonant 509 -+ koh partial channel (17.5 eV) the Tength form of cross section

changes from 8.04 Mb to 8.01 Mb upon iterating.

For the initial state we have used the SCF Slater basis wave function of

39

McLean and Yoshimine”” with C—C and C—N bond lengths of 2.068 a.u. and 2.186

a.u., respectively. A1l the matrix elements and functions arising in the solu-

tion of Eq.(8) were evaluated using single-center expansions. Details of these

14

numerical procedures have been discussed previously. The single-center
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expansions are made about the molecular center and the expansion parameters

28

were based on the experience of earlier studies of C0,. These parameters

are defined in Ref. 28 and are as follows:

(1) g = g% = pdir

m S i = 59,

(i) 28 = 40,

(ii1) A = 118,

(iv) 8% = 58(109), 22(209), 26(309), 18(40,), 20(50

i )» 59(1c,),

9
23(20u), 29(30u), 21(40u), 17(1ﬂu), and 16(1wg),

(v) lp = 10.

1528 these values of the expansion

Based on earlier convergence studies
parameters should provide cross sections which are within a few percent of
the converged values. The above values of 2$x correspond to having normal-
ized the molecular orbital expansions to better than 0.99. For example,
extending Q;X to 59 changes the peak of the Sog > kou cross section at

17.5 eV by less than 1%.

For the expansion basis in Eq.(7) we use spherical Gaussian functions

which are defined by

- 2 2
x(r) = N|r-A|" exp(-a|r-A| )Yzm(ﬂr_e). (10)

~

The basis sets for the various ionization channels are given in Table I.

III. RESULTS AND DISCUSSION

s o o s s s o s o s P Ot ot Ot o Ot ot Pt s ot ot O o ot o0 ot ot

e e e D e e D D T P ] ¢ LR T ¢ BT PP R 2 4

Figure 1 shows the contributions of the o , Ty and du continua to the

u
photoionization cross section for the lwg level. In this figure we have assumed
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the experimental value of 13.36 eV for the ionization potential of this

state.32 The k"ﬂ and kou cross sections show a very sharp and conspicuous

increase near threshold which is probably unphysical and due to the occurrence

d 1n3
) an >

in the Hartree-Fock approximation. In fact, in Hartree-Fock calculations

+
of the 1ﬂ52nui12

o Sou(1Hu) excitations too close to threshold

of the spectrum of C,N,, Be1140 obtained excitation energies of 12.76 eV and

12.6 eV, respectively for the 1ng->2nu and 1m_ -» Sou transitions. These values

g
are considerably Targer than the excitation energies tentatively assigned to
these transitions in the vacuum UV spectrum and are quite close to the calculated

40 To assess the influence on the cross sec-

jonization potential of 13.08 eV.
tions of these discrete transitions which may be spuriously close to threshold,
we have calculated the corresponding cross sections using knu and kou contin-
uum orbitals orthogonalized to the 2wu and Scu virtual orbitals of the Hartree-
Fock calculation. We have shown that this very approximate procedure provides
a useful estimate of the photoionization cross section which would result if
these discrete transitions were further removed from threshold and closer to

14

their correct locations. The resulting cross sections in the dipole length

approximation are shown in Fig. 2 and are seen to be very strongly influenced

by this orthogonalization.

Figure 3 shows the eigenphase sums for the Oy Ty and Gu continua of the

u

XZHg(lng'l) ion. These eigenphase sums show clear evidence of two shape reso-

nances in the o, continuum and one in the T continuum. However, the o, and us
cross sections of Fig. 1 do not show any clearly related resonant structure. On
the other hand, we will see that these three shape resonances appear very dis-
tinctly in both the corresponding eigenphase sums and cross sections for ioni-
zation out of the Sog level. In comparison, the k§u eigenphase sums and .cross
section are characteristically nonresonant.

In Fig. 4 we show our calculated total photoionization cross sections for

the lng orbital using both the length and velocity forms of the dipole
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transition moment. The significant differences between these length and

velocity cross sections arise primarily from the neglect of electron correla-

14

tion effects. It is these correlation effects which must be included so as

to move the discrete leSOU and 1w52wu states further away from threshold and

closer to their correct positions. For comparison, we also show the cross
sections obtained using the kou and kwu continuum orbitals which have been
orthogonalized to the Sou and 2nu virtual orbitals. The effects of this orth-
ogonalization are probably exaggerated due to the very approximate basis of
this procedure for reproducing the actual effects of electron correlation.

Finally, we compare our calculated cross sections with those of the continuum

33

multiple scattering model. Although not shown in this figure, the o, and Gu

components of our calculated cross sections behave very differently near thres-
hold from those of the multiple scattering model. Whereas our calculated G and 6u
cross sections decrease and increase,respectively, towards threshold, those of

the multiple scattering model behave just the other way. No measurements of these
cross sections have been reported.

Figure 5 shows the calculated photoelectron asymmetry parameter for the

1_32

1m_ level along with the measured values of Holland et a for the v=0 level

g
of the ion. The calculated asymmetry parameters do not show the pronounced

resonance structure seen in the experimental data around 17 eV. This structure

is almost certainly due to autoionization, e.g., the 4og -+ Znu transition,32

which is not included in these Hartree-Fock continuum calculations. Again,
the vibrationally unresolved photoelectron asymmetry parameters show no evid-

ence of the shape resonances suggested by the behavior of the ¢, 6 and U eigen-

u
phase sums of Fig. 3. However, it is possible that the non-Franck-Condon be-

havior of the measured vibrational branching ratios for the v=0,1, 2, and 3

2

levels below 15.5 eV3 could be due to the lower energy o shape resonance.

33

u

Finally, the asymmetry parameters of Kreile et al.”~ obtained using the
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multiple scattering model are shown in Fig. 5. Above 18 eV these asymmetry
parameters differ significantly from those of the present Hartree-Fock studies.
These differences are much more significant than we have seen in the photoelec-
tron asymmetry parameters predicted by these two methods for other molecules,

14

e.g., N,'* and c0,.%8

B. The A%2% (50_"%) ion
~~~~~~~~~~~ L

Figure 6 shows our calculated cross sections for photoionization of the Sog
level along with the individual contributions of the o and Ly continua while
Fig. 7 gives the eigenphase sums for these two continua. In these figures and
in Fig. 8 we assume an ionization potential of 14.49 eV.

These results reveal a rich and interesting shape resonance structure. The
9, continuum shows both a low and a higher energy shape resonance at photon ener-
gies of about 17 eV and 42 eV, or photoelectron kinetic energies of 2.5 eV and
27.5 eV, respectively. The U continuum also shows a shape resonance with a
peak position around 33 eV. The behavior of the eigenphase sums associated with
these resonances is shown in Fig. 7. The o, shape resonance at 2.5 eV into the
continuum is the C—C analogue of the well-known cu(2=3) shape resonance in
N2(309'1) which occurs at a kinetic energy of about 15 eV in that system. The
origin and character of this shape resonance has been discussed previous]y.32’33
Its occurence at kinetic energies of 2.5 eV and 15 eV in C,N,and N,, respectively,
js consistent with the much larger C—C bond distance in C,N,(2.608 a.u.) than in
N, (2.0682a.u.). These two o, shape resonances have also been seen at around the
same energies in the calculated cross sections of the multiple scattering mode].33
However, the peak value of the cross section of the multiple scattering model for
the lower energy resonance is about twice as large as that of the present studies
while the resonance itself is much narrower. This same trend has been observed

in other systems.zs’41
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The K-matrices associated with the Oy shape resonance around 42 eV shows
significant mixing among the 2=3, 5, and 7 partial waves, suggesting that the
photoelectron wave function has significant amplitude in the region of the C=N
subgroup. As suggested by Holland et a1.,32 this amplitude on the C=N subgroup
is very probably due to the o(%=3) shape resonance localized in that region of
the molecule. This higher energy shape resonance is then just the % combina-

tion of these CN localized shape resonances.32

As we will see shortly, there

is also an associated og shape resonance at lower energy. The second o, shape
resonance does not lead to a very substantial enhancement of the cross section.
Its resonant nature, however, is clear from the behavior of the eigenphase sum

of Fig. 7.
In addition to this shape resonant behavior in the 50g -> kou continuum,

the 5°g > kwu cross section of Fig. 6 also shows a shape resonance with a peak
enhancement around 34 eV. In this region, the knu eigenphase sums of Fig. 7
show an increase of about 0.75 radians. Shape resonances in other molecular
systems are characterized by similar rises in the eigenphase sum. For example,
a 1.25 radian increase is observed in the well-characterized 309 > kou shape
resonant partial channel in N2.14 In addition, this shape resonance is also
associated with a broad dip in the asymmetry parameters (Fig. 8). To our know-
ledge, the occurence of this shape resonance in the Sog > knu cross sections

of cyanogen is unusual and has not been seen in studies of other (1inear) mole-
cules. In the K-matrix associated with this resonance the 2=3 and 5 partial

waves are strongly coupled. The Sog - knu cross sections of the multiple

scattering model do not show any similar resonant enhancement. In the resulting
total photoionization cross sections for the ch orbital both this us and the
Tow energy o shape resonances are very evident. However, the higher energy %
shape resonance is, as expected, obscured in the vibrationally unresolved cross
sections of Fig. 6. Vibrationally resolved synchrotron radiation measurements
of the cross sections in this region would be useful. In Fig. 6 we also compare

our calculated Sog photoionization cross sections with those of the multiple
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7,33

scattering mode The major differences between these cross sections arise

from features related to the low energy %, and the it shape resonances.

Our photoelectron asymmetry parameters for the Sog Tevel are shown in
Fig. 8 along with the synchrotron radiation measurements of Holland et a1.32
extending up to 24 eV and the line source (Nel,Hel, and Nell) data of Kreile

33

et al. Figure 8 also gives the asymmetry parameters of the multiple scatter-

ing mode].33

At Tow photoelectron kinetic energies the calculated and

observed asymmetry parameters behave very differently. Whereas the calculated

B's decrease just above threshold, the measured B's increase rapidly there.

This difference may be due to autoionization which is not included in the

present Hartree-Fock studies. The dip in the synchrotron radiation data and

the vibrational state dependence (8 = 0.47 and 0.86 for vy =0 and 1, respectively)

in the 1ine source measurement at 16.85 eV are clearly due to the Tower , shape

resonance. Our calculations predict another,but broader minimum in these asym-
metry parameters around 32 eV. Unfortunately, the available synchrotron radia-
tion data does not extend into this region. Furthermore, Fig. 8 shows the strong
vibrational state dependence of B on the symmetric CN stretching (v;) mode seen

33 However, the calculated fixed-

in the 1ine source measurement at 26.91 eV.
nuclei B value is not consistent with the observed vibrational state dependence
around this energy since the intensity of the vy= 0 member of the 229(50;1)

132’40 and hence the calculated

band is much greater than that of the vi=1 leve
fixed-nuclei B should be expected to be approximately equal to B(vy=0). Reasons
for this difference are not clear. Studies of the vibrational state dependence
of B on the symmetric CN stretching mode can obviously be useful here and are
under way. Finally, the influence of the higher energy Oy shape resonance on
these vibrationally unresolved asymmetry paramters is not very pronounced.

In Fig. 8 we also compare the asymmetry parameters of the multiple scatter-
ing model with our present results. Although there are certainly some differ-

33

ences between these results, there are some important similarities. For
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example, the influence of the two o, shape resonances on these B's is very
evident. The minimum in B values around 23 eV is very interesting, particularly
its possible correlation with the L shape resonance seen in our results. How-

33

ever, Kreile et al.”" see no related resonant enhancement in the cross sections

and, in fact, state that their results show no resonant behavior in the m channel.

2ot -1y .
C._ .The B’1 (40, ) ion

Figure 9 shows our calculated og and 9 channel contributions for photoioni-
zation out of the 4ou level along with the corresponding total cross sections.
The photon energy scale assumes an ionization potential of 14.86 eV. Figure 9
also includes results of the multiple scattering studies of Kreile et a1.33
The kog continuum shows the expected shape resonance enhancement in the cross
section which, as discussed earlier, arises from a combination of the 2=3 reso-
nances associated with the CN groups. It is interesting to note that, although
this shape resonant activity is not very pronounced in the cross sections, it
is very evident in both the eigenphase sums and asymmetry parameters of Figs. 10
and 11, respectively, stressing the importance of these quantities in studies of
molecular photoionization. Although there are some meaningful differences be-
tween our calculated 4ou > kog cross sections and those of the multiple scatter-
ing model, this og shape resonance is seen in both sets of results. However,
the prominent “g shape resonance predicted by the multiple scattering mode133
is not seen in the frozen-core Hartree-Fock (static-exchange) calculations.

The behavior of our cross sections near threshold suggest that a strong dis-
crete 40u > nng transition probably lies close to threshold. In such a case
the main difference between the Hartree-Fock and multiple scattering models is

whether this nwg state lies below or above threshold. The actual location of
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this feature would be strongly influenced by electron correlation effects which
could be included by one of several approaches. Synchrotron radiation measure-
ments of the photoionization cross sections would be useful in clarifying the
role of shape and autoionizing resonances in this near-threshold region.

Figure 11 shows our calculated asymmetry parameters along with the synchro-

tron radiation data of Holland et a].,32 the Tine source measurements of Kreile
et a1.§3 and the results of the multiple scattering mode1.33 Some of the

structure seen in these measured asymmetry parameters, e.g., around 19 eV, is
clearly due to autoionization, an effect which is not included in these calcula-
tions. The calculated B's, however, are in general agreement with a background
contribution implied in the measured asymmetry parameters. The Og shape reso-
nance is predicted to lead to a broad minimum in the asymmetry parameters around
35 eV. Finally, there are significant differences in the values of the B's
predicted by the present studies and the multiple scattering model. We also note
that the differences in these calculated B's for this polyatomic system are much

more substantial than seen in related studies of diatomic mo]ecu1es.14

e N e P

In this paper we have discussed the results of our studies of the photoioni-
zation cross sections and photoelectron asymmetry parameters of cyanogen using
accurate Hartree-Fock electronic continuum states. The main purpose of these
studies has been to extend our understanding of the dynamics of shape resonances

14,26,38 28,31

from earlier studies of diatomic and smaller polyatomic molecules

to the larger polyatomic system C,N,. These results do, in fact, reveal a

rich shape resonant structure in the continuum of this polyatomic system with
resonances in the og, 9,
as expected, the C—C analogue of the 2=3 shape resonance seen in N2(3og'1) and

, and uy symmetries. The Tow-energy o, resonance is,
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several other diatomics. In contrast to this diatomic-like behavior, the
presence of the two CN groups in C,N, results in a second &, and a og shape
resonance corresponding to linear combinations of a 2=3 shape resonance localized
on these CN sites. Moreover, our results also show a pronounced shape resonant
structure in the us continuum. To our knowledge, such shape resonant behavior
in the ™ continuum has not been seen in smaller molecular systems. Unfortu-
nately, a comparison of these calculated photoionization cross sections and
asymmetry parameters with experimental data is not presently possible since

the available synchrotron radiation measurements32 extend only up to a photon
energy of 24 eV and below the energy range where many of these shape resonant
features are predicted to occur in cyanogen. Finally, the agreement between
the present results and those of the multiple scattering model in these studies
of cyanogen is significantly less than seen in earlier studies of smaller

molecular systems.”’28
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TABLE 1. Basis sets used for o, =, and & continuum solutions.

Channel Center I3 m Exponent
lcu- kcg N 0 0 16,8, 4, 2, 1. D.5
1 0 8, 4, 2,1, 0.5
2 0 2. 1,05
c 0 0 16, 8, 4, 2, 1, 0.5
1 0 8, 4, 2,1, 0.5
2 0 25 1, 0.5
(o] 0 0 1, 0.5
2 0 1.0
4 0 0.5
‘cu - ‘"'g N 3 1 B8, 4,2,1,0.5
2 b 8, 4,2,1,0.5
c 1 1 8, 4, 2, 1, 0.5
2 1 8, 4, 2,1,0.5
o} 2 1 1, 0.5, 0.1
4 1 1 D5 0.}
hg - kou N 0 0 10, 4, 2, 1, 0.5; 0.1
1 0 &, 2+ 1, 0.5, 0.1
2 0 2,1, 0.5,0.1
E 0 0 10, &, 2, 1, 0.5, 0.1
1 0 & 2« 1: 0.5 0.1
2 0 2+ 1, 05; 0.1
o] 1 0 1, 0.5, 0.1
3 0 0.5, 0.1
5 0 0.5, 0.1
1-g - kwu N 1 1 B, 4, 2, 1, 0,5, 0.1
2 1 8, 4, 2,1, 0.5, 0.1
c 1 i 8, 4, 2, 1, 0.5; 0.1
2 1 2s 1. 0.5, 0.1
M 1 1 1, 0:5; 0.1
3 1 1, 0.1
5 1 0.5, 0.1
l'rrg - ksu N 2 2 8, 4, 2,1, 0.5, 0.1
3 2 2: 1, 0.5, 04
c 2 2 B:i ¥ & 1:0.5; 0.1
3 2 2.1, 0.5, 0.1
cH 3 2 1, 0.1
5 2 0.5, 0.1
509 - kcu N 0 0 8, 4, 2,1, 0.5
1 0 8,4,2,1,0.5
2 0 2, 1, 0.5
c 0 0 8, 4,2,1,0.5
1 0 8, 4,2,1,0.5
2 0 2, 1, 0.5
(o] 3 0 1, 0.5
3 0 1.0
5 0 0.5
509 - knu N 1 1 8, 4, 2, 1, 05
e 1 8, 4,2,1,0.5
E 1 b 8, 4,2,1,0.5
2 1 2 1, 0.5
CH 1 1 1, 0.5
3 1 1.0
5 1 0.5
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FIGURE CAPTIONS

Fig. 1: The lng > kou, knu, and kdu partial channel photoionization

cross sections for C2N2+: lng > kou, (Yength) and — — —

(velocity); lwg -> knu, — — — — (length) and — — —
(velocity); lwg e il e (Tength) and
_—— — —— — — — (velocity).

Fig. 2: The lng > kou and kwu partial channel cross sections with the

continuum kou and knu wave functions orthogonalized to the Sou

and 2nu orbitals respectively: lng > kou, _ lng > kvu,
Fig. 3: Eigenphase sums for the lng > kou ( ¥ lng - knu (—==-),
and lng > kéu (—— — —) components.
Fig. 4: Calculated cross sections for the ing state of CZN2+: present
results, (1ength) and — — — — (velocity); present results
with the orthogonalized continuua, S — (1ength) and

S e s (ve'loc'fty); multiple scattering model y — — — ——

(Ref. 33).

Fig. 5: Photoelectron asymmetry parameters for the ing state: present
results, (1ength) and — — — — (velocity); multiple scatter-
ing results, — — — (Ref. 33); experimental results (v=0),

X (Ref. 32).
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Photoionization cross sections for the Azzg+ state of C2N2+:

present results (length), (total), — — — — (50g > kou),

and — — — (50_ -+ knu); multiple scattering results,

g
—— — — —— (total, Ref. 33).

Eigenphase sums for the Sog > kou ( ) and Sog - kwu

(- = = =) channels.

Asymmetry parameter for the Azzg+ state: present results (Jength)
(——); multiple scattering results of Ref. 33 (— — — —);
experimental results (v=0) of Ref. 32 (X); experimental results

of Ref. 33, A (vi=v,=0) and 0 (v;=1, v,=0).

Calculated photoionization cross sections for the Bzzu+(4ou'1)

state: present results; (total), — — — — (40u > kog),
and — — — —-(40u -+ kng); multiple scattering results of

Ref. 33, — — — — (total).

Eigenphase sums for the 4ou > kog ( ) and 4ou > kng

(= ——) channels.

Asymmetry parameter for (l'tcru)'1 photoionization. See caption

for Fig. 8.
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SECTION C

RESONANCE EFFECTS IN THE 5¢ PHOTOIONIZATION OF CO
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I. INTRODUCTION

Shape resonances are known to lead to several prominent and import-
ant features in molecular photoionization. Among these features are
non-Franck-Condon vibrational branching ratios over a wide energy range
around the resonance and photoelectron angular distributions which are

1-8  These effects arise from the strong de-

vibrational state dependent.
pendence of the dipole transition matrix element for photoionization on
internuclear separation. It is this dependence which can be expected to
lead to non-Franck-Condon behavior. Such non-Franck-Condon vibrational
intensity distributions due to a shape resonance were first predicted by
Dehmer ez al.3 for photoionization of the 309 lTevel of N, and confirmed
experimentally for this same system by West et aZ.2

The studies of Dehmer et aZ.,3 which used the continuum multiple
scattering model, predicted larger deviations from Franck-Condon behavior
than were observed experimenta]]y.2 The results of subsequent studies of
these vibrational branching ratios using Hartree-Fock photoelectron con-
tinuum orbitals were in very good agreement with the measured data for
photon energies away from known autoionizing features.8 This result is
not surprising since the Hartree-Fock model can be expected to work well
for shape resonances which are, in fact, one-electron in nature.

Non-Franck-Condon behavior has also been observed in both the vibra-
tional intensities4 and photoelectron angular distributions5 for photo-
jonization of the 50 level of CO for photon energies between 16 and 27 eV.
Although the o shape resonance in the photoionization continuum of CO, in

analogy to the 3o, channel of N,, should also contribute significantly to

g
this non-Franck-Condon behavior, both the experimental data

and
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theoretical studies of these vibrational intensities and angular distrib-
utions9 suggest that this behavior arises from a more subtle and physi-
cally important interplay between shape and autoionizing resonances in

CO than in N,. The difference in the non-Franck-Condon behavior around
the shape resonance in N, and CO arises from the observation that whereas,
in N, the peak of the 3og > kcu shape resonance lies at 5 eV above the
doubly excited autoionizing state at 23 eV, in CO the maximum of the
shape resonance and the autoionizing state are within about 1.5 eV of
each other. Since both the shape and autoionizing resonances lead to
non-Franck-Condon behavior, some important differences can be expected in
the vibrational intensities and related angular distributions in these

9 have used the continuum multiple

two systems. In fact, Stephens et al.
scattering model to obtain the non-Franck-Condon behavior due to the
shape resonance in the 50 photoionization of CO. The significant dis-
crepancies between the results of these calculations and the experimental
data, particularly for the higher vibrational levels, were attributed to
an autoionizing resonance.

In this paper we report vibrational branching ratios and photoelectron
asymmetry parameters for shape resonant photoionization of the 5c level
of CO. These studies are carried out using Hartree-Fock continuum states
for the photoelectron orbital and, hence, should adequately account for
the non-Franck-Condon behavior of the branching ratios and asymmetry
parameters arising from the shape resonance. Such information is an im-
portant first step towards understanding the role of the autoionizing
resonance in the osserved photoionization cross sections. We will see,

in fact, that our calculated branching ratios for the v’=1 and 2 levels,
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are quite different from those of the multiple scattering model and help
to readily identify the autoionizing contributions to the experimentally
observed structure. Further calculations are required to include the
effect of the autoionizing resonance on the cross sections. Such studies
are under way. We note, however, that the electronic configuration of
this autoionizing resonance is not yet certain. Stephens et aZ.g have
suggested the doubly excited configuration 5clm®2n2. As we will see, if
this is the correct electronic configuration, the autoionizing resonance
will dinteract not with the o shape resonant continuum but with the non-
resonant m background.

The outline of the paper is as follows. In the next section we pres-
ent some relevant details of our procedure for obtaining the photoioniza-
tion matrix elements and of the potential energy curves used. We then
compare the resulting vibrational branching ratios and photoelectron ang-
ular distributions for v’=0,1, and 2 with the available experimental data

and with the results of calculations using the multiple scattering model.

IT. METHOD AND CALCULATIONS

In our calculations of the photoionization cross sections we use a
Hartree-Fock wave function for the initial state. For the final photo-
jonized state we use a frozen-core Hartree-Fock model in which the bound
orbitals are assumed idential to those in the initial state Hartree-Fock
wave function and the photoelectron continuum orbital is determined in the
field of these (N-1) unrelaxed core orbitals. The Hartree-Fock photo-
electron continuum-orbita1s then satisfy a one-electron Schrodinger

equation
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1
(- 2 9% + Vy 1 (rsR) - k2/2) ¢, (r,R) = 0 (1)
kZ
where Vi is the photoelectron kinetic energy and ¢k satisfies the appro-
priate boundary conditions. If we expand this continuum orbital ¢k in
spherical harmonics defined about the direction of k, i.e., )

A

o (rR) = (B 1" dygp(roR) Vo (K) (2)

ERLN

the functions wkzm(r’R) satisfy the same Schrodinger equation as O
itself. With these functions wkzm(f’R) we define the length and vglocity

forms of the photoionization transition matrix element as

L 1

Imu(R) = K% < og (roR)[r [9 o (raR) > (3)
and

v % -

IR = £ < o5 (rRV 19 pn(raR) > (4)

where ¢50 is the occupied 50 orbital of CO and E is the photon energy.

In terms of these matrix elements Itéx the cross section for photoioniza-
tion of the 50 orbital out of the v=0 vibrational level of the ground
state and into the v'=n level of CO' can be written as

) _ 4n? v=0 L,V, v'=n 2
e = T EL IO (R) 2] -

where the x's are vibrational wave functions and ¢ is the speed of light.
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The corresponding photoelectron asymmetry parameter is defined as

gLV L,V
= 3 ,= = 9 ’= L,
\)dgozﬁ\) n = V %ﬂv n (1 + Bk’:/)=o,\)’=n P2 (Cos e)) (6)

where 6 is the angle between the direction of polarization of the Tight
and the momentum of the electron.

To obtain the photoelectron continuum orbital wkzm’ which satisfies
the Schrodinger equation of Eq.(1), Yo is further expanded in partial
waves. The resulting coupled equations are solved using an adaptation of
“the Schwinger variational principle for long-range potentials in which
the static component of the electron-molecule interaction is treated
exactly by numerical integration and the exchange interactions are approx-
imated by a separable potentia1\of the Schwinger type.10 This method,10
which leads to variationally stable scattering matrices and photoioniza-
tion cross sections at the Hartree-Fock level, has been shown to be
effective for obtaining electronic continuum solutions of strongly polar
ions such as CO+[50'1]. Furthermore, the method also includes an itera-
tive procedure for obtaining the converged scattering solutions. Details
of this approach are discussed in Ref. 10. In these studies we used the
same partial wave expansions as those assumed by Lucchese and McKoy11 in
their vibrationally-unresolved studies of the 5o0 photoionization of CO.
These expansion parameters should provide converged cross sections.

The photoelectron transition matrix element Izmu(R) of Eqs.(3) and
(4) were evaluated at the five internuclear separations of R = 1.898,

2.015, 2.132, 2.245, and 2.366 a.u. where the equilibrium internuclear

distance of CO is 2.132 a.u. At each internuclear distance we used the
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SCF wave function of MclLean and Yoshimine.12 In this wave function the
molecular orbitals are expanded in Slater-type functions. The initial
basis set used in the solution of the Lippmann-Schwinger equation associ-
ated with the Schrodinger equation, Eq.(1), contained seven Cartesian

Gaussian functions defined by

Somn (1) = Nomn (A (r-A)(2-A )"+ exp (-alr-A]%) . (7)
These basis functions are specified in Table 1. To ensure convergence of
the photoionization cross sections, we evaluated the matrix element in
Eq.(3) using photoelectron orbitals obtained after one step in our iter-
ative procedure for solving the Lippmann-Schwinger equation.10
The vibrational wave functibns were obtained from numerical solution
of the Schr&dinger equation using RKR potentials. We have outlined this
method in our earlier studies of N2.8 For CO and CO* we used the RKR

13 (R, = 1.1288) and Singh and Rail?

curves of Tobias et al. (Re = 1.115&),
respectively. With this approach we obtained the following Franck-Condon
factors (FCF): (v=0,v’=0) = 0.9607, (v=0,v’=1) = 0.0391, and (v=0,v'=2) =
0.000152. These values agree quite well with the FCF's obtained pre-

15

viously by Albritton™ ((v=0,v’=1) = 0.038) and wacks16 ((v=0,v"=0) =

0.9636, (v=0,v’=1) = 0.03634, (v=0,v'=2) = 0.00011).

ITI. RESULTS AND DISCUSSION

Figure 1 shows the fixed-nuclei cross sections for photoionization
out of the 50 orbital of CO at five internuclear distances. The photon
energy scale here assumes an ionization potential of 14.0 eV. For rea-

sons that are well-understood, the resonance broadens and shifts to
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higher energy as the internuclear distance decreases. It is this depend-
ence of the cross section on internuclear distance that leads to non-
Franck-Condon behavior in the vibrational state distributions and photo-
electron angular distributions.

In Fig. 2 we show the vibrationally resolved 5c cross sections for
the v'=0, v’'=1, and v’=2 levels. It is worth noting that although the
resonances in v’=1 and 2 are shifted to higher energy than in v’=0, the

shift in going from v'=0 to v’=1 is smaller than in N2.4’8

In this figure
the cross sections for v’=1 and 2 are actually scaled up by factors of 10
and 100, respectively. The vibrational branching ratios for photoioniza-
tion into the v’=1 and v'=2 levels, expressed as a percentage of the v’=0
level, are shown in Figs. 3 and 4 along with the predictions of the multi-
ple scattering mode19 and the exberimenta] data of Stockbauer et aZ.4

The horizontal dashed 1ines in these figures represent the Franck-Condon
values of the branching ratios.

A comparison of our calculated branching ratios and the measured
values shows that structure due to the autoionizing resonance distinctly
dominates the observed branching ratios over this range of photon ener-
gies. The enhancement in the branching ratios centered around 19.5 eV has
been attributed to unresolved autoionization structure associated with

the co'B2:* state at 19.7 eV.5

The structure broadly centered around

23 eV is not well understood but has been suggested9 to arise from auto-

jonization of a valence-like state with a possible electron configuration
of ...40%5c1m32n2. This autoionizing feature is also very apparent in a
comparison of ca]cu{ated vibrationally unresolved photoionization cross

11

sections with the experimental data. These results, which are taken



104

from an earlier pub1ication,11 are shown in Fig. 5 for convenience. In
this figure the feature appears as a broad hump between about 21 and
25 eV 1ying on a slowly varying shape resonant background. The branching
ratios in Figs. 2 and 3 also indicate that this autoionizing state in-
fluences the branching ratios over a similar energy range and beyond.
Again, this behavior is consistent with a valence-like resonance in this
region which would be expected to affect the branching ratios over a wider
energy range than a sharp Rydberg-Tike autoionizing state. This may be
the reason for the differences between the calculated and measured v’=1/
v’=0 branching ratios around 27 eV and, possibly, above. The trend in
the measured v’=2/v’=0 branching ratios at 27 eV, and its similarity to
the calculated shape-resonant values, suggests that it is beyond this
energy that the branching ratios will be dominated by the shape resonance.
Measurements of these branching ratios at higher photon energies are
clearly needed. It is worth noting that if the autoionizing state around
23 eV does have the electron configuration ...402501n3%2n2, such a reso-
nance will couple with the non-shape-resonant I background continuum
and not with the ko shape resonant continuum. Finally, comparison of the
branching ratios obtained from the multiple scattering mode]9 with the
present results and the measured ratios shows that this model overestimates
the magnitude of the non-Franck-Condon behavior arising from the shape
resonance but certainly illustrates the underlying feature.

The occurence of non-Franck-Condon behavior due to overlapping of a
shape and autoionizing resonance in the v'=1/v’=0 branching ratios of co*

in Fig. 3 differs significantly from what was seen in earlier studies of

-1

the photoionization of N2(3og ). As discussed by Stephens et aZ.,9



105

and seen very clearly in recent measurements of the photoelectron asym-

-1 + 21
X2 R r= .
g MgV

resonance also occurs around 23 eV in N,, the shape-resonant non-Franck-

metry parameters of N;(3o although the autoionizing
Condon behavior there has a maximum at about 34 eV, well removed from the
25 eV position in CO. It is also interesting to note that the suggested

9,17 o

valence configuration f ... 1330 lwz(lnu) for this resonance in N,

u g g

would be consistent with the known role of the core-excited lﬂSBOSIﬂS(ZHu)

shape resonance, with a 1n33o§1wg(32u) parent, in the electron impact exci-

tation spectrum of N2.22

Figures 6-8 show our calculated photoelectron asymmetry parameters
for the v'=0, 1, and 2 vibrational levels of CO+(X22+) along with the ex-
perimental data of Cole et aZ.5 and the results of the multiple scattering
mode].9 The measured photoe]ect}on asymmetry parameters are again domina-
ted by structure due to the autoionizing resonances which appear as
pronounced dips from the smooth background of the calculated values. The
calculated asymmetry parameters show a minimum which becomes more developed
and moves to lower energy with increasing v’. The behavior in the calcu-
lated v'=0 asymmetry parameters at higher energy, e.g., the shallow mini-
mum around 32 eV, also agrees with the vibrationally unresolved measure-

23 reflecting the dominance of the v=0 » v'=0 com-

ments of Marr et al.,
ponent. Measurements of these asymmetry parameters for the v’=1 and v'=2
levels at higher photon energies, i.e., beyond 27 eV, would provide a use-

ful check of the predicted behavior in Figs. 7 and 8.
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TABLE I. Initial scattering basis sets used in obtaining the
o and m photoelectron orbitals.?

Center 2 m n o

506 » ko C 0 0 0 10.0,4.0,1.5,0.5,0.1
C 0 0 1 1.0,0.1
0 0 0 0 10.0,4.0,1.5,0.5,0.1
0 0 0 i 1.0,0.1

50 + km C 1 0 0 10.0,4.0,1.5,0.5,0.1
C 1 0 1 1.0,0.1
0 1 0 0 10.0,4.0,1.5,0.5,0.1
0 1 0 1 1.0,0.1

4see Eq.(7) in text.
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FIGURE CAPTIONS

FlG. 1.

FiG. 2.

FlG. 3.

FIG. 4.

FiG. 5.

FlG. 6.

Fixed-nuclei photoioniztion cross sections (dipole length) for

the 50 Tevel of CO at five internuclear distances.

Vibrationally-resolved photoionization cross sections for the
v'=0,1, and 2 levels of the X21'(507%) state of CO*: ——,

dipole length; ———, dipole velocity.

Branching ratio for the v’=1 level of CO+X22+:‘—————, present
results (dipole length); — — —, multiple scattering model
(Ref. 9); x, experimental results (Ref. 4); — — —,

Franck-Condon values.

Branching ratio for the v’=2 level of cot X22+: s present
results (dipole length); — - —, multiple scattering model
(Ref. 9); x, experimental results (Ref. 4); — — —, Franck-

Condon values.

Vibrationally unresolved photoionization cross sections for the

X22+(50'1) level of COT: —— , present results (dipole length),
- , present results (dipole velocity); ----, multiple
scattering model (Ref. 17); — — —, Stieltjes- Tchebycheff

moment theory (Ref. 18); ®, experimental date (Ref. 19); a,
experimental data (Ref. 20). [See Ref. 11 for further details

of this figure.]

Photoelectron asymmetry parameters for the v’=0 level of co*
x2zt. , present results (dipole length); — — —,

multiple scattering model (Ref. 9); x, measured values (Ref. 5)
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FIG. 7. Photoelectron asymmetry parameters for the v'=1 level of co*

+.

X?r": ——, present results (dipole length); — — —,

multiple scattering model (Ref. 9); x, measured values (Ref. 5).

FIG. 8. Photoelectron asymmetry parameters for the v’'=2 level of co*

+

X?r : —— , present results (dipole length): — — —,

multiple scattering model (Ref. 9), x, measured values (Ref. 5).
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SECTION D

RELAXATION EFFECTS IN MOLECULAR PHOTOIONIZATION
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I. INTRODUCTION

The important role of shape resonances in molecular photoionization has

now been well estab]ished.l’z

These resonances, or quasi-bound states, are
essentially one-electron in nature and are formed by the trapping of the photo-
electron by the centrifugal barrier of the molecular force field. The import-
ance of these resonances arises primarily from their strong influence on the
photoionization cross sections vibrational branching ratios, and

photoelectron angular distributions. It is hence not surprising that shape
resonances have attracted considerable experimental interest and that, moreover,
they have stimulated the development of several new theoretical approaches to
molecular photoionizat‘ion.3’4 These approaches include the Stieltjes-Tchebycheff
moment theory (STMT) method,5 the continuum multiple scattering model (CMSM),G’7
and several methods for the direct solution of the Hartree-Fock equations for

the photoelectron continuum orbita]s.s'lz

13 9-12

To date most applications of the STMT method™~ and the direct methods
to molecular photoionization have been carried out in the frozen-core Hartree-
Fock (FCHF) approximation. In this approximation the final state is described

by a single electronic configuration in which the ionic core orbitals are con-
strained to be identical to those of the neutral molecule and the photoelectron
continuum orbital is determined in the field of this unrelaxed core. This sudden
approximation completely neglects any restructuring of the molecular core upon
jonization and should be much more appropriate for photoionization of valence
levels than of the deeper or K-shell levels. The shape-resonant nature of many
K-shell cross sections can make this approximation even poorer than expected.
Nevertheless, the frozen-core approximation has been used extensively in studies
of K-shell molecular pho'coiom‘zation.13'16

The purpose of this paper is to present results for the K-shell photoioniza-

tion of N, which include the effects of core relaxation. Relaxation effects are
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included using continuum orbitals determined in the field of the completely re-
laxed ion core. Although the assumption that the photoelectron moves in the
field of such a relaxed ion is not rigorous, applications to atomic inner-shell
photoionization have shown that it is a very reasonable mode1.17’18 Our results
show that the effects of core relaxation on this K-shell g, shape resonant cross
section are dramatic. Whereas with an unrelaxed core the cross sections are
strongly peaked near threshold and differ substantially in shape from the mea-
sured values, relaxation of the core produces significant broadening and shift-
ing of the resonance to higher energy. The resonant feature now occurs at too
high an energy suggesting an overscreening of the K-shell hole in our model but
the general shape of the cross section is quite close to what is seen experi-
mentally. The corresponding photoelectron asymmetry parameters behave in a very
similar way. To our knowledge this significant role of core relaxation in reso-
nant K-shell molecular photoionization has been hitherto unrecognized.14
A summary of the paper is as follows. In the next section we give a very
brief outline of our method for obtaining the molecular photoionization cross

sections and in Sec. III we discuss our results for the K-shell of N,. Section IV

summarizes our conclusions.
I11. METHOD
The rotationally unresolved, fixed-nuclei, photoionization cross section
is given by

- 4TT2u) * 2
U(R) = 3¢ |< wi([:R)IU|Wf([’R)>I (1)

where 1 is the dipole moment operator and w the photon frequency. In Eq.(1)
¥, represents the initial state of the molecule with N bound electrons and Ve
the final state with a photoelectron in the electronic continuum. In most

studies of molecules to date, the FCHF approximation has been used for Ye.
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This approximation, which completely neglects any restructuring of the charge
density in the course of ionization and hence allows for no hole charge screen-
ing, should work best for valence orbitals. However, it could be a very poor
approximation for photoionization of deep core levels involving a shape reso-
nant continuum. In this case the trapping of the photoelectron by the centrif-
ugal barrier will increase its time of emission. During this time significant
relaxation of the ionic core can occur. This core relaxation could be accounted
for by inclusion of the appropriate terms in the expansion of the wave function
or, equivalently, through the use of an optical potential. However, these re-
Taxation effects could be approximately included by assuming that the photo-

17,18 1146

electron moves in the field of the completely restructured core.
relaxed core Hartree-Fock model should be particularly meaningful around shape
resonances.

The Hartree-Fock continuum orbitals used in these studies hence satisfy

the one-electron Schrodinger equation
(- 292 + v (r.R) - K = 0 (2)
2 N-1%~° g St

where the potential VN_1 is determined either by the core orbitals of the neu-
tral molecule or by the orbitals of the relaxed ion. The nonspherical character
of these molecular potentials introduces several complications into the solution
of this equation for ¢k which do not arise in atomic systems.3 Various ap-

proaches have hence been developed for obtaining these molecular electronic

8-12

continuum states ¢k‘ Our approach, which has been discussed in detail else-

2

where, 9 begins with the integral form of Eq.(2), i.e.,

- .C (-)
¢ = ¢5 + G, v¢5 (3)
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where ¢E is the Coulomb scattering wave function and
vey .+l (4a)
N-1 " r

and

G(') =

c

2

(7% &2 B2 = i)™t . (4b)

N+

The continuum orbital ¢k(§) can be expanded in terms of QE’ the direction of
k, as )

L i* *

K0 = D71 % am() V(%) (5)
where ¢k2m(f) are the partial wave scattering functions. Each ¢k2m satisfies

its own Lippmann-Schwinger equation

.- (-)
Oam = ¢kgm * Gc vd>klm : (6)

We solve Eq.(6) for the Orqm DY the iterative Schwinger variational

method which has been previously applied to sgvera1 molecules, e.g., Nz,g

16 and C2N2.20 The method fs essentially a procedure for the

60, P> Coblas
numerical solution of Eq.(6) which avoids the integration of coupled integro-
differential equations but relies on single-center expansion techniques in the
evaluation of all matrix elements. Although the method utilizes discrete basis
functions in solving Eq.(6), the approximate solutions satisfy scattering bound-
ary conditions and can be systematically improved through an iterative procedure.21
For ¥, in Eq.(1) we again use the Hartree-Fock wave function. In the FCHF

approximation, orbital orthogonality makes the evaluation of the transition
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dipole matrix element in Eq.(1) very straightforward. This feature makes this
approximation particularly convenient in molecular applications. With the re-
laxed Hartree-Fock ionic core in Wf the lack of orbital orthogonality compli-
cates the evaluation of this transition matrix element. In these studies we
have used a biorthogonalization procedure in the computation of these matrix

22523 24

elements. Details of these calculations will be presented elsewhere.

ITI. RESULTS

The SCF wave functions for the initial state and relaxed N: cores were
all obtained in a [4s3pld] contracted Gaussian basis set25 and for an inter-
nuclear distance of 2.068 a.u. With the minor difference that the present calcu-
lations use the complete set of 1d functions, this basis is essentially equiva-
Tent to that of Ref. 14. In this basis the ground state SCF energy of N, is

-108.9648 a.u. and the log and lou orbital energies are 426.73 eV and 426.63 eV

respectively. The log and lou ionization potentials using the SCF energies of
the relaxed NI ijons are 419.75 eV and 419.61 eV respectively. The difference

of about 10 eV between these ionization potentials and the experimental value

of 409.9 eV is essentially due to hole 1ocalization.23

The og, Oy Mye and ﬂg continuum orbitals of both the frozen and relaxed

NZ ions were obtained by the iterative Schwinger procedure outlined above. The

numerical details of these calculations such as partial wave expansions and

2,9

starting basis sets have been discussed previously.”*” Considerable effort has

been taken to ensure the convergence of these calculations. For example, our

24

expansion parameters”’ give a normalization of about 0.9995 for the log and lou

orbitals and the final photoionization cross sections were calculated with con-
tinuum orbitals obtained after two steps in the iterative procedure.9
In Fig. 1 we show our calculated frozen-core photoionization cross sections

along with the frozen-core results obtained previously by the STMT method14 and
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the experimental data obtained by (e,2e) measurements.26 The present frozen-
core results differ significantly from the experimental data. The o, resonance
feature is quite strongly peaked and concentrates much of the cross section too
close to threshold. On the other hand the frozen-core cross sections of the
STMT method show a much broader resonance feature than the present results and,
moreover, are apparently in better agreement with the measured cross sections.
In principle our procedure should give the same frozen-core cross sections as
the STMT method. We are not completely certain of the reasons for these differ-
ences. We have tested the convergence of these calculations and we believe that
the partial wave expansions are sufficient to yield the correct results. A
possible explanation is that the pseudospectrum of the STMT ca1cu'lat1'ons14 did
not have a dense enough distribution of poles in the resonance region and, in
turn, this led to a broadening of the resonance structure. These differences
are analogous to those seen in the calculated cross sections for the ¢zt

g
15 and those

27

state of COI where a prominent resonant feature both in our results
of Collins and Schneider10 is essentially smoothed away by the STMT method.
Figure 1 also shows the K-shell cross sections obtained using a relaxed
HF donic core and the corresponding continuum orbitals. A comparison with the
frozen-core results shows that core relaxation has decreased the cross section
near threshold dramatically, broadened the resonance, and shifted it to higher
energy. The resonance position is now at too high an energy suggesting that
the model of a completely relaxed ionic core has led to excessive screening of

12 The use of a localized hole potential should reduce this screening

the hole.
and pull the resonance down to Tower energy. However, the general shape of the
relaxed-core cross sections is quite similar to that of the experimental data

and, to illustrate this, Fig. 2 shows these cross sections for a Timited range
of photon energy shifted so that their peak position coincides with that of the

measured cross sections. In this figure we also show the one-electron portion
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of the photoionization cross section as estimated by Kay 53_91.26 As expected,
relaxation effects are seen to be much less important in resonant photoioniza-
tion of the 3o, Tevel of N,.2¢

Figure 3 shows our calculated photoelectron asymmetry parameters using
both the frozen and relaxed ionic core models, the CMSM resu’lts,6 and the experi-

mental data of Lind1e.28

From these results we see that core relaxation has
broadened and shifted the pronounced minimum seen in these asymmetry parameters
in the frozen-core model. Although the asymmetry parameters of the relaxed-core
model again show a minimum at higher energy than do the measured values, the
overall shapes of these curves are quite similar around their minima. A shift
of these calculated asymmetry parameters to lower energy by the same amount as

the cross sections were shifted in Fig. 2 shows this more clear1y.24

IV. CONCLUSIONS

We have studied the effects of core relaxation on resonant K-shell photo-
ionization in N,. Our results, obtained using the model of a completely relaxed
ion core for the final state, show that these effects are very important for this
system. The role of core relaxation will have to be carefully evaluated in

studies of related K-shell processes in other systems, e.g., CO and CO..
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Figure Captions

Figure 1:

Figure 2:

Figure 3:

K-shell photoionization cross sections for N,: , present
FCHF results; — — —, present results with a relaxed ion core;
—— — ——, FCHF results of the STMT method (Ref. 14);

+ , experimental data of Ref. 26.

K-shell photoionization cross sections for N;: , present
FCHF results; — — —, present results with a relaxed ion core
shifted so as to agree with the experimental data at 419.5 eV;
+ , experimental data of Ref. 26; & , estimated one-electron

portion of the experimental cross sections (Ref. 26).

K-shell photoelectron asymmetry parameters in N: , present

FCHF results; — — —, present results with a relaxed core;
——— — ——, CMSM results of Ref. 6; + , synchrotron radiation

data of Ref. 28.
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SECTION E
STUDIES OF THE RELAXATION EFFECTS IN VALENCE

AND K-SHELL PHOTOIONIZATION OF CARBON DIOXIDE
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I. INTRODUCTION

Several recent theoretical studies have investigated
the carbon and oxygen K-shell photoionization cross
sections and angular distributions for carbon dioxide.
These studies include the work of Padial et al.l ana
Daasch et al.? which employs the Stieltjes-Tchebycheff
moment theory (STMT) approach, the studies of Collins and

3

Schneider~” using the linear algebraic method, and the

calculations of Lucchese and McKoy4

using the iterative
Schwinger variational method.® 1In all of these
theoretical investigations, the Frozen-Core Hartree-Fock
(FCHF) approximation was invoked. In this approximation
the final state is described by a single electronic
configuration in which the ionic core orbitals are
constrained to be identical to those of the neutral
molecule, and the photoelectron continuum orbital is
determined in the field of this unrelaxed core. This
sudden approximation completely neglects any restructuring
of the molecular core upon ionization and should be much
more appropriate for photoionization of valence levels
than of the deeper or K-shell levels. As demonstrated in
our earlier N26 study, the effect of relaxing the
molecular core orbitals is dramatic in the vicinity of the
low kinetic energy N, 10g'+ ko, shape resonance. The

relaxed molecular ion potential, is less attractive than

the frozen core potential, and thus the low kinetic energy
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shape resonance is shifted to higher kinetic energy and
broadened.

In addition to the theoretical investigations of
C02, measurements for K-shell photoionization cross

7 ana angular distributions8 have been performed.

1

sections
Compared to the experimental maximum, the C(ls ~) shape
resonance in the frozen core approximation appears about
5eV lower in energy, indicating the neglect of screening
effects in the calculation. Both the STMTl and iterative

4

Schwinger™ calculations are in good agreement with the

measured width and peak intensity of the C(ls-l) resonance

4

feature. However, the iterative Schwinger™® and linear

3

algebraic” methods predict a very sharp and quite narrow

O(ls—l), lOg 7 ko, shape resonance while the experimental7
cross sections are essentially structureless. This
disagreement is very similar to N2 K-shell
photoionization, where the FCHF resonance is strongly
peaked and very narrow. In addition, the STMT results are
in disagreement with the iterative Schwinger and linear
algebraic method calculations. Discrepancies between the
STMT method and other techniques for determining molecular

3,4,9,10 have been observed

photoionization cross sections
in several K-shell and valence level studies, particularly
near sharp, narrow resonance features.

The purpose of these studies is to continue the

assessment of core relaxation in molecular

photoionization. Relaxation effects are included, using
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continuum orbitals determined in the field of the
completely relaxed ion core (RCHF). A complication with
the use of the relaxed core orbitals is that they are non-
-orthogonal with the initial state, neutral orbitals. 1In
order to conveniently compute the necessary dipole matrix
elements, we have employed a biorthogonalization

technique.l3_16

Although the assumption that the photo-
electron moves in the field of such a relaxed ion is not
rigorous, applications to atomic inner-shell photo-
ionization have shown that it is a very reasonable

model.ll'12

This approach constrains each molecular
orbital in the total wavefunction to have the full
symmetry of the molecular Hamiltonian, and for oxygen
K-shell ionization,6 neglects the potentially important
effects of hole localization. In particular we have

1

examined the role of relaxation in C(1s™ 1) and o(1ls™ 1)

K-shell photoionization, as well as the valence level

(459_1), of carbon dioxide, using the iterative Schwinger

variational method.13

Comparisons between the frozen core
(FC), relaxed core (RC), and the experimental studies are
made and indicate, as expected, that the valence level is
only slightly affected by core relaxation. Analogous to
the N2 K-shell study,6 the O(ls-l) resonance is shifted
and broadened in the relaxed core approxiﬁation; however,
it remains much sharper than the essentially non-resonant

experimental cross sections. The C(ls_l) shape resonance

is shifted and only slightly broadened, indicating that, in
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this channel relaxing the core primarily affects the
position of the shape resonance. Overall the effect of
relaxation is less dramatic for the carbon K-shell 20g =

i

k(ju shape resonance than for either the N, or O(ls )

2
K-shell resonances.

A summary of the paper is as follows: In the next
section we describe briefly the generation of the
continuum wavefunctions as well as the biorthogonalization
technique. In Section III we discuss our results for CO2
K-shell and valence shell photoionization in the frozen
and relaxed cores. We compare these results to the

measured values and to other theoretical calculations.

The last section summarizes our conclusions.

II. METHOD

A) THE FINAL-STATE WAVEFUNCTION
The rotationally unresolved, fixed-nuclei
photoionization cross section is given by

4n2w
3c

2

G(R) = <¥ (x,R) [ul ¥ (g,R)> (1)
where p is the dipole moment operator, R is the
internuclear distance, and ® the photon frequency. In
Equation (1) wi represents the initial state of the
molecule with N bound electrons. Typically, this is taken

as the single configuration SCF wavefunction for the

neutral molecule. The single configuration final state,
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Vg v describes the ion, with N-1 bound electrons, and a
photoelectron in the electronic continuum. In most
studies of molecular photoionization, the FCHF
approximation is invoked. This implies that the ion's
orbitals are constrained to be identical to the HF
orbitals of the neutral molecule. We will refer to these
ionic orbitals as the core orbitals. The continuum
wavefunction is then calculated in the staticeexchange
potential field of these frozen orbitals.

To accurately represent the final state, relaxation
effects must be included. As a first-order approximation,
the core orbitals in d% are taken as the molecular
orbitals of the ion. This requires a separate SCF
calculation for the ionic wavefunction. In the RCHF
approximation the continuum wavefunction is calculated in
the completely relaxed potential.

The Schrddinger equation for the remaining continuum

wave function is
2 2
(-1/2V° - 1/r + V(r) - k /2)¢k =0, (2)

where k2/2 is the kinetic energy of the photoelectron.
The short-range static-exchange potential, V(r), is
determined with either the FCHF or RCHF molecular
orbitals. The FCHF static-exchange potential for
ionization from the non-degenerate orbital, ¢n’ is given

byl7
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_ (2Ji—Ki) + Jn + Kn + I =
s i—1 a io

n-1
5 Zo

V(r) =

~

(3)

where N=2n and Ji and Ki are the usual Coulomb and

exchange operators18

and the last term in equation (3) is
the electron-nuclear attraction potential. In the special
case where the continuum solution is of a different
symmetry than ¢ , the form of V(r) in the RCHF
approximation is the same as Equation (3). 1In general,

this is not the case, however; the systems of interest in

this study contain an inversion center and thus the

continuum orbital and ¢, are automatically orthogonal.
This is a result of the single-photon dipole selection
rules: g < u. Therefore, Equation (3) is used in both
our FCHF and RCHF calculations. Lastly, a generalized
Phillips—-Kleinman pseudopotential17 is used to treat the
effects of constraining the continuum solution to be
orthogonal to the doubly occupied bound orbitals.

Our approach for the solution of Equation (2) has

been discussed in detail elsewhere.5

Here we briefly
outline this procedure. We use the integral form of
Equation (2), or the Lippmann-Schwinger equation,

4

b = 0, + 6.7 vo (4)

where ¢kc is the pure Coloumb scattering wavefunction, V
is the short-range molecular ion potential in either the

FCHF or the RCHF approximation and GC(_) is the Coulomb
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Green's function with incoming-wave boundry conditions;

i.e.,

6. 7h =2 (vZ 4+ 2/r + k% - 10071 (5)
The partial wave component of ¢k, ¢klm' satisfies its own

Lippmann-Schwinger equation

(@
_ {s )
kim =%kim * ¢  V%in - (6)

We solve Equation(6) by the iterative Schwinger

5

variational method. In this method we first solve

Equation (6) by assuming an approximate separable form of

v
(] 2 S ] - = ]
V(r,r') € v3(r,r') = I <r|vlo,> (V 7)., <a:lV]|L") (7)
~'= L R i ij j v
1]
where (V_l)ij is the inverse of the matrix with elements
Vg = <ai|V|uj>. With this approximate potential the

zeroth iteration solutions of Equation (6) are

(0) c

_ Y 1
Pxim ™ Pkim

| ¢ ) | Vo > (8)
+ I<rl|G, i3 <aj] | 1 m

ij

Vlai>(D

and (D—l)ij is the inverse of the matrix (D)ij =
(

=)
<aj | V-VG V[aj>.
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At the Hartree-Fock level these solutions ¢klm can

be shown to be variationally stable.l?

Also with
sufficiently large basis sets the zeroth iteration
solutions can produce reliable photoionization cross
sections and asymmetry parameters. It may be important to
obtain solutions of the Lippmann-Schwinger equation for
the exact potential V. An iterative technique has been
developed in order to obtain these solutions.20

The iterative method begins with augmenting the
discrete basis set, [o;>, with the zeroth iteration
functions, ¢,, . Equation (6) is solved within this
larger basis set. This process is repeated until the
wavefunctions converge. These can be shown to be solutions

of Equation (6) for the potential v.20

B) THE BIORTHOGONALIZATION PROCEDURE

The initial state, V., in Equation (1) is the HF

il
wavefunction for the neutral molecule. In the FCHF

approximation, orbital orthogonality makes the evaluation
of the transition dipole matrix elements straightforward.
The application of the Slater-Condon rules for evaluating

matrix elements over wavefunctions represented by

determinants reduces Equation (1) to

4ﬂ2w

0 (R) = [ <o, e,y Ilo, (r,R)>|? (9)

3c v
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where ¢n and Qk are single particle functions. This

~

feature makes the FCHF approximation computationally
convenient. However, with the relaxed core orbitals in
wf, the lack of orbital orthogonality complicates the
evaluation of this transition matrix element.

In order to make the computations tractable, we have

employed a biorthogonalization procedure for the

13-16

calculation of these matrix elements. This technique

has also been used by Lengsfield et al.21 to calculate

transition matrix elements between non-orthonormal bound
state wavefunctions.

We begin with two nonorthonormal sets of orbitals,

gt B o aas wn}

and another for the ion; {¢} = ¢ ¢l' ¢2, ¢3 S ¢n—l’

¢k}. From these we construct initial and final-state

~

wavefunctions;

one for the neutral; {y} = {Wl, Y

Yiniviar = [P ¥ ) ..o b DY (N | (10)

d

and

l i ———
Vfinal p lo (1o (2) ... ¢n(N—l)¢]~<(N) !

L | |
- = lé.(1)d,(2) ... ¢ _(N-1)P (N) (11)
Vel 1 1 n k

we assume the ionized orbital, ¢n’ to be nondegenerate.

The necessary matrix elements are of the form,
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< N v = < v 3@ ... v =0T (e
[, (1YF,(2) ... ¢ (N-1)F () >, (12)
N
where pN = fll Ui and My is the one electron dipole
length or velocity operator for the i*h electron.

The biorthogonalization method rests on the unitary
transformation of each set of non-orthogonal orbitals;
9T=QEI and $T=QQN, where Ul and UM transform the ionic and
neutral orbitals, respectively. The transformation
matrices are determined such that the transformed or

biorthogonal orbitals have the following property:

T T
<¢i h% > = diﬁij; (13)
i.e., each transformed orbital overlaps with only one
orbital from the other set. Using the transformed
orbitals, Equation (12) simplifies to:
N n-1 N I+, T T

<y Jut T yo> =T a, det(Uhdet(u= )<y “(x) [ule “cr)>, (14)

1 f i‘:l 1 ~ = n . E =

The procedure for obtaining the unitary matrices as

well as the overlaps, di’ has been described

13-16

previously. We will briefly review this method.

R

diagonalizes the hermitian matrix S+S, where S is the

e ~
= = ~

overlap matrix between the two nonorthogonal sets of

orbitals:
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(s*syut = ulp , (15)
IR E
then UN is constructed such that
whH¥s vt =g, (16)
where d is a diagonal but not the unit matrix, and oV is
given by14
QN =S gI 9-1/2. (17)

III. RESULTS AND DISCUSSION

In order to determine the effect of core relaxation
on the high kinetic energy (>15 eV) shape resonances in
C02,we have performed FCHF and RCHF calculations for
photoionization of the oxygen and carbon K-shells as well
as the 409-1 valence level. The target wavefunctions used
in these relaxed core studies are constructed from the
same [3s2pld] contracted Gaussian basis set used in the

previous FCHF calculations.4 The calculated ionization

1

potentials for removal of the 0(1s™ 1), C(1ls™%) and 45,

electrons are summarized and compared to previous

22,23 124,25

(experimental and theoretica

) results in Table I.

15,16

In analogy with nitrogen core ionization, allowing

the oxygen K-shell hole to localize reduces the calculated
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ionization potential by 12 eV.22

All the matrix elements
and functions arising in the solution of Equation (8) were
evaluated using single-center expansions. Details of
these numerical procedures have been discussed
previously.17 The single-center expansion parameters and
initial scattering basis sets are identical to those used
previously.4 For the purpose of this study we have not
employed the iterative technique for obtaining the
Hartree-Fock continuum orbitals, since the previous study
of CO2 photoionization indicated that, in general, the
iterative cross sections are very close to the initial
non-iterative results.4
A. 0(1s™1) PHOTOIONIZATION OF co,
The total photoionization cross sections for 0(ls-l)
are reported in Figure 1. The FCHF oxygen K-shell cross
sections display a narrow shape resonance about 20 eV
above threshold, while the photoabsorption data of Barrus
et al.,7 and the STMT calculations of Padial et al.l
indicate a very broad resonance-like feature. The
previous FCHF calculations,4 obtained at photon energy
intervals of 2 eV, predicted a peak cross section of
nearly 2.5 Mb. However, the kou shape resonance is very
narrow, and a finer energy grid (0.5 eV from 558-560 eV)
produces a sharp resonance. As shown in Figure 1, the
resonance now peaks about 3.6 Mb near 559 eV.
§ and 002 (4Og_l)4

studies, the STMT method predicts a very broad shape

Analogous to previous N2 K-shell
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resonance, in good agreement with experiment, while our
FCHF results produce a quite narrow feature. Independent

3 and 4¢ -1 of
g

calculations for ionization of the O K-shell
C02, as well as log_l ionization in N2,9 have reproduced
the sharp nature of these kou shape resonances in the FCHF
approximation. The CO2 lOg_l results reported here are in
good agreement with those of Collins and Schneider.3 In
principle, the STMT method should produce the same cross
sections as our present results and other theoretical
methods. The STMT method is based on a discretization of
the molecular continuum with the ionized wavefunction
represented in an L2 basis. The wavefunction is therefore
composed of a finite number of eigenvectors of the (N-1)
electron Hamiltonian. A moment-theory approach is then
used to construct the corresponding photoionization cross
sections.1 Yu et al.9 have suggested, and Woodward et

al.26

have shown for model problems, that the STMT method
may broaden resonances that have widths which are narrower
than the spacing of the finite number of eigenvalues
obtained in the diagonalization of the (N-1) electron
Hamiltonian. In addition, Daasch et al.? have established,
in their oxygen K-shell photoionization study, that STMT
cross sections are very sensitive to the imaging procedure
used, where the shape of the resonance is seen to depend

dramatically on the particular imaging scheme. However,

the source of the discrepancy between the STMT results and
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other techniques for obtaining molecular photoionization
cross sections is still not well established.

In Figure 1 we also compare the total relaxed core
photoionization cross sections with the frozen core
results and with the measured values. Unlike our
previous N, core relaxation studies, the shift in the
resonance is only about 4 eV, and the resonance is not as
dramatically broadened. While there is a significant
reduction in the peak intensity upon relaxation, the
resonance remains much sharper than the experimental
results. In order to resolve this discrepancy, it may be

necessary to incorporate the localization of the O(ls_l

)
vacancy. Earlier STMT3 calculations have indicated that
localization is not an important effect; however, since
this method does not initially produce the sharp nature of
the kcu resonance, the actual role localization will play
in the present studies is not clear.

Upon localization the continuum orbital will not
have "pure" kou or kog symmetry but will be a mixture of
both even and odd partial waves. Since the high energy
kgu resonance is a mixture of &= 3,5 and 7 waves, one can
expect a strong coupling to the %= 4 and 6 components.
This mixing should broaden the shape resonance , as has
been seen in the difference between the 30g + kou (2=3)

N217 shape resonance and the analogous but much broader

CO27 50 > k0O resonance. Oxygen K-shell ionization in CO2

differs in two important aspects from the N2 K-shell
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situation; first, the CO2 resonance occurs at a much
larger kinetic energy and is associated with a strong
mixture of several partial waves (2=3, 5, 7) while the

lower energy N, log_ -~ kou resonance is primarily 2=3.

2 g

Secondly, the N-N distance is much shorter than the 0-0
distance. This factor will favor the localization of the
K-shell hole on one of the oxygens. These two differences
should make localization a more important effect in CO2

than in N2.

The log > kou and lou > kOg partial channel
eigenphase sums and cross sections in the frozen core and
relaxed core approximations are reported in Figures 2 and
3, respectively. The effect of relaxation on the position
and width is evident in these figures. The rise in the
eigenphase sum and peak in the partial channel cross
section is shifted to higher kinetic energy in the
resonant kgu continuum, while, above 545 eV, the
non-resonant kOg partial channel is essentially unaffected
by the use of the relaxed core. At lower kinetic energies,
only the behavior of the kog partial channel is modified.
This is expected'since, due to the repulsive centrifugal
potential barrier, only the s wave can probe the molecular
potential at very low kinetic energy. These effects are
small in the total cross section but do change the low
energy behavior of the O(ls—l) asymmetry parameter.

In Figure 4 the asymmetry parameters in the FC and

RC approximations are plotted and compared to the
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synchrotron data of Truesdale et al.8

The low energy kog
behavior produces an observable difference between the
parameters calculated in the FC and RC models.
Unfortunately, the experimental results do not extend
below 548 eV. The effect of the shape resonance is seen
as a dip in the asymmetry parameters near 562 eV.
Analogous to the shift observed in the peak cross section,
the dip in the relaxed core asymmetry parameters occurs at
a higher energy and is slightly broader than the FC

results, but again the lack of experimental data in this

region prevents any meaningful comparisons.

B. c(1s™!) PHOTOIONIZATION OF co,
The calculated cross sections for photoionization of
the carbon K-shell in the frozen and relaxed
approximations are reported in Figure 5. Upon relaxation
the 20g > kou resonance is shifted by a large amount,
nearly 11 eV; however, the shape of this feature is not
substantially different than the frozen core results. 1In
Figure 5 we also compare our results to the experimental

cross sections of Wright and Brion%8

where it is seen that
the frozen and relaxed core cross sections bracket the
experimental maximum indicating that, while the frozen
core approximation completely neglects screening, the
completely relaxed core overestimates its effects. Lastly,

in this figure we have plotted the frozen core STMTl
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results. For this broad resonance the STMT calculations
are in good agreement with the present FC results.

The asymmetry parameters are plotted in Figure 6 and
compared to the synchrotron radiation data of Truesdale et
al.8 The minimum in the RC study is shifted by nearly
10eV, in agreement with the shift in the peak cross
section. In general, core relaxation does not improve the
agreement between these theoretical results and experiment

in this channel.

Cx VALENCE LEVEL PHOTOIONIZATION

The effects of scattering from the relaxed core on
the 40g_l valence photoionization cross sections are
illustrated in Figure 7, where our results in the FC and RC
approximations are plotted and compared. As expected,
these effects are seen to be minimal in the 40g valence
level. The resonance is shifted by about 2 eV to higher
energy, and the peak is reduced by about 10%. Also plotted
in this figure is the experimental electron impact data of

29

Brion and Tan. Measurements for the photoionization

cross sections in this channel have been made using

20730 and are in good agreement with

synchrotron radiation
the electron impact data.

These 4cg calculations were performed with a
Hartree-Fock wavefunction for the neutral molecule and the

length form of the dipole moment operator. Correlating

the initial state does reduce the peak cross section of
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the resonance,giving good agreement with the velocity form

cross sections? 1In addition,vibrational averaging31
broadens this feature; however, the disagreement with the
experimental data remains and is still not completely
understood. Inclusion in the calculations of the
antisymmetric and/or bending vibrations of the nuclei may
resolve this discrepancy. As with the process of
localization, these vibrations break the symmetry of the
CO2 molecule and hence would provide a mechanism by which
the even and odd partial waves could mix, thereby
broadening the resonant feature. 1In addition, Roy et
32 25 +

g

al. have suggested that a bent geometry for the C

state of C02+ would allow for final state configuration
interaction effects, which have not been included in the

present theoretical treatment.

IV. CONCLUSIONS

The effects of core relaxation on the carbon and
oxygen K-shell photoionization cross sections and
asymmetry parameters have been presented. These effects
are seen to be most important in the vicinity of shape
resonances. The use of the relaxed molecular orbitals
produces a less attractive scattering potential, and hence
the resonances are shifted to higher kinetic energies.
Disagreement between the calculated oxygen K-shell cross

sections and the experimental results remains. We have
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suggested that hole localization, i.e. symmetry breaking,
can mix the kou and kOg continuum and broaden the shape
resonance feature. The main result of relaxation on the
carbon K-shell photoionization cross sections is a shift
of the resonance to higher kinetic energy. Lastly, as
expected, relaxation effects do not substantially change
the 4og—l valence level photoionization cross sections and
asymmetry parameters. Further studies on the role of hole
localization and the effects of vibrational motion on
these cross sections is necessary in order to understand
the existing discrepancies between the theoretical and

experimental results.
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Table I.
IONIZATION POTENTIALS (eV) FOR CO2
o(1s™l)y  cas™h 4og~t
Present Results 562.03 312.47 21.74
K.T.2 naron et al.€ 562.8 313.5 e
England et al.f — - 21.79
Present Results 553.93 302.47 20 :7
ASCFP  Baron et-al.® 5542 301.4 s
England et al.f - -— 20.69
Experiment 541.1° 295.5° 19.4d
a) K.T. = Koopmans Theorum
b) ASCF = E, - E ; the energy difference between
ion neutral

the SCF energies of the ion and neutral molecule
c) Reference 22
d) Reference 23
e) Reference 24

f) Reference 25
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FIGURE CAPTIONS

Oxygen K-shell photoionization cross sections (length)
in CO0p: ———— , FCHF results (Ref. 4);

, present RCHF results; — -— — , FCHF
results of Padial et al. (Ref. 1); O, experimental
results of Barrus et al. (Ref. 7). The experimental

ionization potential, 54l1.1 eV, has been assumed

Oxygen K-shell eigenphase sums for COj: r
1o~g + ko, FCHF results (Ref. 4); — — , present
lcg + ko, RCHF resultsj— — — — — , 1o, - kog FCHF
results (Ref. 4); —_—

present 1o, - kcg RCHF results.

Oxygen K-shell partial channel cross sections

(length)y, —— , lo, + ko, FCHF results (Ref

g
4); —~ — — —, present lcg + ko, RCHF results;— - —

” lou - kgg FCHF results (Ref. 15);

14

present lg, » kcg RCHF results.

Oxygen K-shell photoelectron asymmetry parameters

(length) in COy: — — — , FCHF results (Ref. 4);

, present RCHF results; O synchrotron data of

Ref. 8.
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Carbon K-shell photoionization cross sections in co,

(length) : , FCHF results of Ref. 4;

— —— , present RCHF results; — — — — — ’
STMT results of Ref. 1; , experimental data of Ref. 22,
normalized as in Ref. 4. The experimental ionization

potential, 297.5 eV, has been assumed.

Carbon K-shell photoelectron asymmetry parameters in

CO, (length) s ———— , FCHF result of Ref. 4;
— — — — , present RCHF results;p , synchrotron data
of Ref. 7.

Photoionization cross sections (length) for the

production of the c; ,* states of C02+:

Lg
FCHF results of Ref. 4; — — — — , present RCHF
results, and p , experimental results of Ref. 27. The
experimental ionization potential, 19.4 eV, has been

assumed.
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CHAPTER III

AUTOIONIZATION

AUTOIONIZING RESONANCES IN MOLECULAR PHOTOIONIZATION
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I. INTRODUCTION

Recent experimental and theoretical studies of
molecular photoionization have illustrated the dramatic
effects that resonances play in the ionization dynamics.l_3
Through the resonance region pronounced structure in the
cross sections and photoelectron asymmetry parameters is
observed. Synchrotron radiation sourcesl now provide the
intense tunable radiation necessary to study the continuous,
and in resonance regions, the rapid variation of molecular
photoionization cross sections with energy. When coupled
with photoelectron kinetic energy analysis these measure-
ments also provide vibrational branching ratios. These

studies have demonstrated that strong non-Franck-Condon

effects are induced by these resonant states, e.g.,

vibrational-state dependent asymmetry parameters4_7 and
vibrational branching ratios,s’e’9 which deviate from Franck-

Condon predictions. Typically, these resonances are
classified by their nature, i.e., being either single-
particle (shape) or multi-electron (autoionizing) processes.
Shape resonances can be accurately described by single-
particle Hartree-Fock continuum orbitals. However,
autoionizing resonances are a correlation4 effect, which are
neglected in this single configuration approximation.
Fano,10 using a configuration interaction approach, has
demonstrated that the dramatic features associated with

autoionizing resonances result from the decay of a discrete
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excited state into the underlying continuum. Any
theoretical treatment of autoionization must go beyond a
single configuration description for the final state
wavefunction.

Theories for final state correlation effects are well
developed for atomic photoionization;ll however, the
extension to molecular systems has only recently begun.lz-18
For example, Multichannel Quantum Defect Theory (MQDT) has

12

been applied to Rydberg autoionizing states in O2 and

14

NZ' In these studies several approximations were made to

obtain the relevant electronic matrix elements. 1In 02 these
were treated semi-empirically,while in N2 the continuum-
continuum interaction matrix elements were obtained by an
extrapolation from the discrete-continuum integrals.
Valence autoionization has been studied in C2H2,using the

18 This

time-dependent local-density approximation (TDLDA).
method is equivalent to the random phase approximation in
terms of incorporating many-body effects; however, it is
based on the use of a model exchange-correlation potential,
i.e., the local-density-functional approximation.
Preliminary ab initio calculations, neglecting the closed-
channel component in the dipole transition matrix elements,
have been performed for autoionizing levels in NO, using an

effective optical potential.15

Only for autoionizing
Rydberg levels of H2 have completely ab initio calculations
been performed,l6 using a method based on the logarithmic

derivative of the wavefunction.
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The purpose of the present study is to apply to
molecular systems a fully ab initio multi-channel treatment
for the final-state electronic continuum. This method is a
generalization of the earlier atomic configuration inter-
action studies by Altick and Moore,19 Fano,10 and the
multi-channel reactance matrix (K-Matrix) method of Fano and
Prats.20 Autoionization as well as other potentially
important final-state correlation effects, e.g., inter-
channel mixing, are included. We will work in the
fixed-nuclei approximation and use single-particle
functions, generated with realistic N-1 electron potentials,
as a basis for the expansion of the final state wave-
functions. The bound-excited orbitals are generated using

21

standard bound state techniques, while the single-particle

continuum orbitals are calculated using the iterative
Schwinger method2 to solve the collisional equations for the
photoelectron in the frozen core Hartree-Fock (FCHF)
approximation. Thus, the zeroth order continuum wave-
functions used accurately represent the underlying
background continua.

Our initial study of molecular electronic auto-
ionization was performed for the lzu+ (lgu209) state of H,.
We chose this system because the position and width of this
excited state have been well characterized by a variety of

16,22-27

theoretical methods. In addition, the effect of this

autoionizing state on the photoionization cross sections and

asymmetry parameters has been studied by Raseev.16
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Therefore, we were able to compare our method with previous
techniques for the study of decaying electronic states.
Of particular interest here is the double-bump feature

near l4eV observed in the photoionization cross section for

the production of the XZHu state of C2H2.30’31 Structure is

also observed in the vibrationally resolved asymmetrys_7

parameters and vibrational branching ratios.5 In spite of

several recent theoretical’’18s30-33

5-7,30,31

and experi-
mental studies, we do not as yet have a definitive
quantitative understanding of the underlying resonance
structure in this region, e.g., to what extent the structure
is due to shape or autoionizing resonances or to some
combination of such resonances, although the decay of the
26u > 17 (ﬂ*) valence state almost certainly contributes to

g
this structure.s’18

We have studied the effect of the
autoionizing lHu (20u *.lﬁg) state on the total cross
sections and photoelectron angular distributions for the
production of the X2Hu state of C2H2+. We compare our fixed-
nuclei calculations with the experiﬁenta} data and TDLDA
results. The prominent dip and sharp second maximum can be
explained by this sharp autoionizing valence state super-
imposed on a broad background. The near threshold maximum
as well as the second peak are expected to be modified by

additional correlation effects that were neglected in this

initial study.
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In the next section we discuss our approach for
incorporating correlation effects in the final-state
wavefunctions used in molecular photoionization. 1In Section
IIT we present and discuss our results, and Section IV

summarizes our conclusions.

II. METHOD

The initial state wavefunction, necessary for the
calculation of the photoionization cross sections and
asymmetry parameters, is generated by standard bound state
methods.21 For a total energy E, the final-state
wavefunction can be expanded as

(=) _ A A=)
W = Xi WT,Q,m,E

¥, (0, (1)
where T labels the gquantum numbers necessary to describe the
residual ionic core, the superscript (-) indicates
incoming-wave boundary conditions, and the continuum
functions are normalized per unit energy interval. For
notational convenience the channel label is defined

B = (T',4,m). Rather than use the complex functions12 in
Equation (1) actual calculations employ standing-wave
boundary conditions, i.e., the principal-value functions.34
The N-electron principal-value wavefunction is then written
as a linear combination of zeroth order bound and continuum

wavefunctions,10s11,19,35
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‘PBE(R) =¥, ,(R) An,BE + ide'wYE'(R)aYE',BE . (2)

We assume that there is one autoionizing state, wn(R), and
that a set of Hartree-Fock continuum orbitals are used to
represent the unperturbed continuua, WYE.(R). The
summation over the channel indices Y in Equation (2)
indicates that the zeroth order states will be mixed by
configuration interaction. The expansion coefficients

A and are determined by requiring that

nl 6E YE"BE

(H-E) [¥ 5 > = 0, (3)

where H is the electronic Hamiltonian. The following set
of equations are obtained by projecting the <V,| and

<Y

aE"l components onto Equation (3):

A, gp (E -E) + EJPdE'Vn,YE' aygr gg = O (4)

and

]
VaE'',n Pn,ee ijﬁdE Vag'',YE' 3yE',BE

+ 5 (E'*~E) C
o

Y EII,YE a.YEII'BE = 0' (5)

with the matrix elements defined as:

Vo, vE' <V |H-E Vkm.> (6)
Vep' 1 ,yEr = Vumeo [B-E[V 0> (1-8,.) (7)
and
C, (E'") = [1 +(K°(8")7°]
oY - e 7% (8)
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The d&-function in Equation (7) results from the use of
Hartree-Fock single-particle continuum states as a zeroth
order basis. In this case, intra-channel coupling is

automatically included.ll’36’37

The C matrix appearing in
Equation (5), and defined in Equation (8), results from
the non-orthogonality of the principal-value basis

set.20’38_40

The matrix K° appearing in Equation (8) is
the static-exchange reaction matrix obtained along with
the Hartree-Fock continuum functions. This

non-orthogonality is discussed in detail in Appendix I.

Defining V = C 1V Equation (5) can be rewritten

(E''=E) aspiv gg * Vegi1,n By, 88 (9)

'— -
+§.j’dE VSE",YE' aYE',BE 0.

Following the method of Fano and Prats,20 the solution of

Equations (4) and (9) is performed by a change of

variables

_ 1 _
3 gr1,gE = B (g Aygr g * O(E-E')Big gp

(10)

where P indicates the principal-value integral is to be

taken, AYE',BE is the new variable and ByE,BE

normalization constant. Equations (4) and (9) become

is a
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A = ' '
n,gg = ER/E R, op ¥ 3Ede Vn,yE'AVE", 8E

E(E-E"')

\Y B

n,yE °YE, BE (11)

E

Begrt,YE = Veg't,n Pn,pe * f{-lfde' VeE'',E'RSE", BE
E-E'

+ V B

SE'',YE “YE,BE » (12)

Writing the A coefficients in terms of the B elements

A Z K

i,BE i,yE Byg,BE (12)

with i denoting either a bound (n) or a continuum (SE'"')

channel and inserting this into equation (11l) and (12), one

obtains the following integral equation:41

o 3 L}
Ki,oBE = Vi,og * 5 Ejﬂvi,YE' K g ordF

E-E'
¥ VinKn,oE (14)
For E=¥En Equation (11) is solved for An BE and substituted
14
into Equation (12), obtaining the more symmetric equation
42

for the K-matrix

Kegr1, 0 = Vgg'',08 * Pif’VéE",YE' Kygr o 9B’
E-E'

4

(15)
with "V defined as



The integral equation for the K-matrix elements is
reduced to a set of algebraic equations,which are solved

by a matrix inversion. This technique has been used

19

previously and is discussed by Altick and Moore and

Altick and Glassgold.43 Once the K-matrix elements are
calculated, the wavefunction in Equation (2) is known in

terms of the unknown B-matrix, which is determined by
20,35,44

imposing incoming-wave boundary conditions; i.e.?

(=) 1 ig + -ib
v, + T e % § -8 e al, (17)
S s v o~ “oa

on the asymptotic formnof the wavefunction in Equation

(2). 1In Equation (17), ¢ denotes the wavefunction for the
o

o ionic core including the spin function, the spherical
harmonic for the continuum electron and GY = kr,Y - WQY/Z ¥
l/kY QnZkYr + Ogrwhere S is the scattering matrix and o,

is the Coulomb phase shift. Using the asymptotic form for

the principal value wavefunctions

y(P)_, 5o 1

BE o0 ——=
G rkOtl/2

. o
(51n8a SBG + KBucoseu), (18)
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in Equation (2), expressing the sines and cosines in

£i0q *ifa
4

e and matching the coefficients of e to those

in the outgoing wave, Equation (7), determines the B-matrix,
B = (1-imp 1 @+ it (19)

and thus the overall normalization of the wavefunction.
Using these final-state wavefunctions, we define the
length and velocity forms of the photoionization

transition matrix elements as45

IL

.l 1Y (20)
Lmy % “QIIU‘ €£m>
\Y 1.
= —<V\ Y 21
Iﬂ,mp E < vi Ivu] em” o (21

where Wi is the initial state of the neutral molecule and

E is the photon energy. With these matrix elements

the total cross section is written as

L,V _ 4r1’E z
@ - 3C 2myu I =

(22)

L,VIZ
2my ,

where c¢ is the speed of light. The corresponding

photoelectron asymmetry parameters is given by

L,V L,V
do "'’ _ o’ 1+ 8%V p_ (coss) (23)
ko 47 2

4
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where P2 is a Legendre polynomial of degree two and 6 is the
angle between the direction of polarization of the light

and the momentum of the photoelectron.

III. RESULTS AND DISCUSSION

A. H2

The ground state wavefunction was obtained using the
Gaussian basis set listed in Table I. For an internuclear
separation of 1.4 a.u. the total energy in this basis is
-1.133249 a.u. The wavefunction for the autoionizing lZu+
(lou 20q) state was obtained in a separate SCF
calculation. The total energy for this state is -0.028055
a.u. However, this excited state wavefunction is composed
of molecular orbitals, i.e., 209, which are non-orthogonal
to the ground state log function. Therefore, overlap
integrals are necessary for the calculation of the
Hamiltonian and dipole transition matrix elements using
these wavefunctions. The resonant state, having 12u+
symmetry, will autoionize into only the kau background
continuum.

The non-resonant kou and kﬂu background continua
were obtained in the FCHF approximation using the iterative
Schwinger variational method.2 Detailed discussions of
the numerical methods used have been given elsewhere.z’45

The various partial wave expansion parameters were chosen

as follows:



179
(1) Maximum partial wave included in the expansion of
the scattering solution = lp = 7(Ou, ﬂu);

(2) Maximum partial wave retained in the expansion of

the nuclear potential = 28.

All other partial wave expansions were truncated at %£=14.
For the radial integrations, the grid contained 470 points
and extended to 39.8 a.u., with the smallest step size
being 0.005 a.u. and the largest step size 0.16 a.u. The
initial L2 basis set used in the iterative procedure is
given in Table II. The continuum orbitals used in the
present study have been once iterated.

Table III summarizes our results for the position,
dipole transition moment, and width of the lZu+
(lou Zog) state and compares them to previously calculated

22-26

values. We have calculated the excitation energy and

transition moment directly from the ground and excited

state wavefunctions and the width using the "golden-rule"

formula of Feshbach's theory of resonances;27

(=) >|2

f,E v (24)

T(E) = 271 |< ‘PnIH—E|‘P

where E is taken as the resonance energy. This technique
was also employed by Kirby et al.,23'25 who used a
correlated wavefunction for the ground and excited states

and undistorted Coulomkt waves for the final continuum
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functions, as well as Hazi?6 who also used correlated
wavefunctions and a Stieltjes-Moment theory procedure for
obtaining the non-resonant background continuua. In

16

addition, Raseev, using a logarithmic derivative of the

22

wavefunction procedure, Tagaki and Nakamura?

using a Kohn
24

variational procedure and Collins and Schneider,

using a
four-state, close-coupling calculation in the linear
algebraic method obtained these parameters by fitting a
Breit-Wigner plus background contribution form to the
calculated phase shifts.

The major difference between the present result for
the excitation energy and that of Kirby et al.?3 is the
use of an SCF wavefunction for the ground state in our
calculations. The correlated ground state wavefunction
obtained in Reference 23 is 0.8 eV lower in energy than
the present results. The energy shift of the resonant
state, caused by interaction with the continuum, is nearly
-0.2 eV; however, this as well as a correction for the
correlation of the ground state was not included in the
excitation energy reported in Table III. The dipole
transition moments are in good agreement and, except for
the calculation using undistorted Coulomb waves25 for the
continuum, the widths are also in good accord.

In Figure 1 we compare our total photoionization
cross sections, including the autoionizing resonance, to

the FCHF results in the dipole length and velocity forms.

The difference between the length and velocity cross
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sections probably results from the neglect of correlation
in the initial state. Correlating the neutral ground

state has been shown to bring the length and velocity

form results into better'agréement.2 The resonance produces
a dip in the total cross section wheré the kcg partial
channel cross section is nearly zero. Also in this figure
are the dipole length form results by Raseev,16 where
similar behavior ié seen. The difference between the
present results and those of Raseev16 is primarily in the
background cross sections and most likely results from the
use of a correlated initial state wavefunction in

Reference 16. In addition, the present study assumes the
vertical ionization potential of 16.4 eV,2 while Raseev
used the adiabatic ionization potential of 15.425 eV. The
vibrationally unresolved experimental data of Samson and
Cairns28 are also included in Figure 1; however,
comparisons between the theoretical results and the
measured cross sections are difficult, since there are
insufficient data points in the resonance region. Also,
these calculations have been performed at one internuclear
distance and therefore neglect the R-dependence of the
matrix elements. In fact, Raseev16 has shown that by
changing the position of the nuclei the resonance shifts

to 26 eV (R=1.7 a.u.) and to 34 eV (R=1l.2 a.u.). 1In
general, one expects a broadening of the resonance features
by averaginé over the ground vibrational state wavefunction,

and it may be necessary to perform this averaging in order
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to obtain an accurate representation of the resonance
feature. Finally, more data in the resonance region

are necessary in order to make any meaningful comparisons
between these theoretical cross sections and the measured
values.

The asymmetry parameters are reported in Figure 2
and compared to the FCHF values. The sharp dip in the
asymmetry parameters results from the presence of the
resonance. Also in this figure are the results of

16

Raseev and good agreement between these calculations and

the present results is obtained. To our knowledge there
is only the one vibrationally unresolved data point of

Marr et al. 29

in this energy region. As with the
photoionization cross sections, more data in the resonance

region would be helpful in the study of this resonance.

B. C2H2 Calculational Details

The SCF wavefunction for the ground state of C2H2

was constructed from the basis set and equilibrium

geometry of Reference 33. The Hartree-Fock configuration

2 2 2 4
2 .
g g Oy 3og lHu

Hu(20u > lwg) wavefunction was obtained using the

improved virtual orbital (IVO)method.21 In this basis

for the lZg+ ground state is 1lo 210u220

The 1

set the excitation energy is 15.99 eV and the oscillator
strengths are fL=0.886 (dipole length form) and £=0.722
(dipole velocity form). These agree reasonably well with

the values for the excitation energy (15.54 eV) and



183

oscillator strength (fL=0.8036) reported by Machado et

al. 32

This method for determining the excited
wavefunction is rather crude and produces an extremely
large oscillator strength.

In order to improve the description of the resonant
state, we have performed two limited configuration
interaction calculations. In the first calculation the
lHu state is expanded in singly excited configurations
from the ground state, keeping the lOg and lOu orbitals
frozen. All single-excitations from the 20u, 20g, 309, and
lﬂu orbitals have been included. This reduces the
excitation energy by 0.22 eV and the oscillator strength
to fL=O.372. The major components of this wavefunction
are the lﬂu > SOg and 26u = lﬂg excitations. A second,
restricted CI calculation was performed using only these
two excitations. In this case the excitation energy is
lowered by 0.14 eV and the oscillator strength to
fL=0.353. These values are also in reasonable agreement
with the results obtained in a similar single-excitation
CI calculation reported in Reference 46, i.e. a 15.6eV
excitation energy and fL = 0.43.

The final state one-electron Hartree-Fock continuum

orbitals used as basis functions in Equation (2) are

generated using the iterative Schwinger variational
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2,33,45

method. The various partial wave expansion

parameters, initial scattering basis set in the iterative
procedure, and the grid used for the radial integrations
are identical to those in Reference 33, except Qp, the
maximum partial wave in the scattering solution, which is
truncated at 8 for Og' "g and Gg continuum symmetries. We
have employed the iterative technique45 in order to obtain
converged Hartree-Fock continuum orbitals, which are then
used as the zeroth order continuum functions. Finally,
the Ionization Potential for the lnu orbital is taken to

be 11.4ev.47

The lIIu discrete state autoionizes into both the

lnu3ko and 1mn 3

g u
direct continuum-continuum mixing can occur between the

kog underlying continuua. In addition

kog and kﬁg partial channels. The wavefunctions for these

1H * states are:

u
y IVO (50 L, 1n ) = 1 ey
N o g T 5 | (corerzo 1n "1m |
I 4 (25)
-. (core) Zoulnu lﬂg+
y = ~ |lteorsy 26 21 211 %o |
kog = 5 u “u+r Tu- g
-] (core) 2ou21nu+2'1—nu_ ko g |:} (26)
and

‘ykég = }—:;_E(core) 20u21ﬂu+ n

u- KBl
— 2
-=|(core) 20uzlnu+ 10 - kég+|] . (27)
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The single-particle orbitals used in these wavefunctions
are orthonormal, and matrix elements over the Hamiltonian
operator are generated straightforwardly by numerical

2

integration. In the correlated representation for the

discrete state Equation (25) is modified:

CI § == _ 4
Y, =gl l(core)2oulnu 1T g+|—| (core) 20 1T, ng+| 1
2 2 =
+ ¢yl | (core)2e, “ 1M | “ 1M _ Sogl
_ 2 e
| (core) 20, %1m “TH_ 50.); (28)

This form of the resonant state wavefunction complicates
the evaluation of the Hamiltonian matrix elements, since
the 509 is not necessarily orthogohal to the kog
continuum. In this case additional overlap matrix
elements are necessary. The partial-wave expansion
parameters in the bound-continuum and continuum-continuum
matrix elements in Equations (6) and (7), as well as the
overlap integrals, were truncated at 2=11. This is a

sufficient number of partial waves, since an increase to

2=30 changes these matrix elements by less than 5%. The
48

energy integrals were performed from k = 0 - 2.8 a.u.",

with mesh points taken at Ak = 0.1 a.u. intervals?4?

up to
k =0.8 a.u. and Ak = 0.2 a.u. from 0.8 a.u. * 2.8 a.u.

This was to provide a finer mesh in the resonance region.
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Autoionization

Photoionization leading to the inu state of C2H2+

produces photoelectrons in the kog, kng, and kSg
electronic continuum. The lHu(Zou > lﬂg) state
autoionizes into the kog and kég partial channels, while

1 _+ 3
the 2 (lTru

kﬂg) continuum is non-interacting with this
excited state. The kﬂg continuum orbitals in these
studies were obtained in the FCHF approximation? using the
singlet-coupled lz;-(lﬂu3 kﬂg) potential, and hence
correlation effects have been neglected in this partial
channel. As discussed previously,33 correlation effects
are expected to strongly influence this lﬂu > kﬂg channel.

The position of the lﬂu3

lﬂg state is particularly
critical in the description of this background kﬂg
continuum. At the Hartree-Fock level of approximation,
using the singlet-coupled potential, this state appears
above threshold and causes the broad shape resonant-like
structure observed in these calculations. Inclusion of
correlation should affect the position of the lﬂu > lﬂg

transition and therefore modify the near threshold behavior

of the lnu3kﬂg partial channel. This is in marked
18

disagreement with the predictions of Levine and SovenT,

where the lﬂu > kng oscillator strength is pushed into the
continuum only upon correlating the wavefunction. In

addition to these correlation effects, this partial
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channel may also be influenced by the possible

32,46

autoionizing 30_ - no, state; however, this transition

31

&

is weaker (f ® 0.15) than the 20u - lﬂg excitation

(fIVO=0.8, £ =0.43) and has not been included in

singles CI
these initial studies.
The total photoionization cross sections in the
length and velocity forms are presented in Figure 3 and
are compared to the FCHF results. The dramatic effect of

1

Ehe “I_ (20,  ~+ lng) autoionizing state on these cross

u u
sections is apparent, producing a sharp dip followed by a
pronounced peak. The large differences between the length
and velocity cross sections reflect the importance of
additional electron correlation effects in the initial and
final state wavefunctions.

In Figure 4 ' we compare our total fixed-nuclei
cross sections in the length form to the TDLDA results.l®
Several major differences between the two sets of
calculations are apparent. A significant portion of our
total cross section results from the broad lnu3 kng
(n24Mb) background, whereas this component is much weaker
(<5Mb) in the TDLDA calculations. Secondly, the width of
the TDLDA autoionizing state is much narrower than the
present calculations indicate,and the flattened structure
we observe directly above threshold appears as a sharp

decrease in the previous calculations.l8

Lastly, the
autoionizing state appears more intense in the

present study than in the TDLDA results, although
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it is difficult to directly compare these results, because
the use of a model exchange potential and because
insufficient details of the calculation are given in
Reference 18.

In Figure 4 we also compare the calculated
photoionization cross sections to the vibrationally
unresolved experimental data of References 30 and 31.
These data are normalized to our results including
autoionization at 24evV. Due to the large difference
between the length and velocity results and the
uncertainty in the absolute magnitude of the second peak50
we have also normalized this data to our velocity results
as shown in Figure 5. Clearly an absolute measurement of
the peak cross section would be helpful in elucidating the
features observed in these cross sections.

Figures 4 and 5 illustrate that the use of the
single-configuration IVO representation for the resonant
state overestimates the maximum cross section and width of
the autoionization feature. These results are consistent
with the large oscillator strength calculated with this IVO
wavefunction. Correlating the resonant wavefunction will
modify both the dipole transition moment, from the ground
state to the autoionizing state, and the Hamiltonian
matrix elements governing the decay of this discrete
state. To estimate the effect on the cross sections of
correlating the resonant state, we have employed the

simple two-state, single excitation CI wavefunction,
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Equation (28), discussed in the previous section. 1In
these preliminary CI studies the maximum in the cross
section is reduced by nearly 15%. However, potentially
important configurations, e.g., two electron excitations,
have been neglected in both the resonant and in the
ground-state wavefunctions and are necessary in ofder to
determine definitely the importance of correlation on
these resonant photoionization cross sections. In
addition, the shape and magnitude of the lower feature is
quite different from the observed structure. These
discrepancies probably result from the correlation effects

3

absent in the present calculations for the 17 kﬂg

u
channel as discussed above.

The present calculations also neglect the variation
of the transition dipole and Hamiltonian interaction
matrix elements with internuclear distance. As in our
study of H2’ the autoionizing structure may be quite
sensitive to the nuclear geometry, making the averaging of
the cross section over the ground vibrational state an
important effect. The valence lHu (20u > lﬂg)
wavefunction is expected to be particularly sensitive to
the position of the nuclei resulting in matrix elements,
which vary rapidly with internuclear distance. Therefore,
in addition to correlation studies of the initial and
resonant states, the dependence of this resonant structure

on internuclear separation should be investigated.
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As illustrated in Figures 4 and 5 the ratio of the
experimental cross section at the minimum, about 21Mb at
14.5eV, to the maximum, about 62Mb at 15.5eV, is 0.3.
Since the kog and kég partial channels have nearly zero
cross section near this minimum, the magnitude of this
ratio indicates the presence of a substantial kng
background. This is in agreement with the broad kﬂg cross
sections obtained with the singlet-coupled potential.

The individual kog and kag partial channel
photoionization cross sections are reported in Figures 6
and 7, respectively. As expected, the interaction of the
resonance with the broad intense kdg background is
stronger than in the weaker kog partial channel. 1In these
figures we also compare our results to the TDLDA model-
exchange calculations of Levine and Soven,18 finding only
qualitative agreement. Note that in Figure 5 the TDLDA
k6g cross sections peak at a much larger value than shown
here since the maximum for this ‘partial channel was not
reported in Reference 18.

An interesting feature of these calculations is the
direct coupling of the kcg and ng partial channels. The
wavefunctions for these states, given in Equations (21) and
(22), are coupled by matrix elements of the form
<kog 1m, l/rlzllﬂu_ k69>. The role this interaction
plays on the kog and ng partial channel cross sections is
also Shown in Figures 6 and 7. These calculations are

referred to as direct mixing and differ from the results
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including autoionization in their neglect of the discrete
state. 1In general, the effect of this mixing is quite
small and results mainly in the reduction of the lﬂu - ko
cross section at lower energies. The k&g continuum
changes less than the weaker kog partial channel,
resulting in a total cross section that is largely
unaffected by this interaction. However, as shown below,
the effect of this interaction is more significant for the
asymmetry parameters, where interference between the

partial channel amplitudes occurs. The present results

31 =1 42

are similar to those seen in studies of Ne and Ar

-1 . ; . .
3p photoionization,where the cross sections were

2p

obtained with and without coupling of the np—+ ks and np -

kd channels. The results of these atomic studies indicate
that the mixing of these channels is quite weak, with the

ks continuua primarily modified at low kinetic energy and

the total cross section essentialy unchanged.

In Figure 8 we compare the fixed-nuclei
photoelectron asymmetry parameters, including the
autoionizing state, to those calculated in the FCHF
approximation. The differences between the dipole length
and velocity forms are less dramatic than in the total
cross sections. The pronounced effect of the autoionizing
state is apparent as a sharp dip near 15eV. In Figure 9
we compare our results to the TDLDA18 asymmetry
parameters as well as to the vibrationally resolved (v2=0)

measurements of Parr et al.5 and Keller et al.6 obtained
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using synchrotron radiation. Our calculated minimum occurs
at a slightly higher energy and appears sharper than the
vibrationally resolved meésurements. This may result from
using the IVO wavefunction for the resonant state or
neglecting the dependence of the electronic matrix elements

on the internuclear distance (R).

The effect of the direct continuum-continuum mixing
on the photoelectron asymmetry parameters is displayed in
Figure 10. For comparison the B parameters calculated
with autoionization and in the FCHF approximation are
replotted in this figure along with the data of Parr et
al.5 and Keller et al.6 Inclusion of this mixing improves
the agreement between the calculated and experimental

results outside the resonance region (>18 eV).

IV. CONCLUSIONS

We have developed and applied an ab initio method
for studying autoionizing resonances in molecular
photoionization. Using a Hartree-Fock single-particle
basis set for the zeroth order continuua, the
photoionization cross sections and asymmetry parameters
for the ionization of H, and the lr  level of C,H, have

272

been obtained in the fixed-nuclei approximation. These
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results have been compared to the available experimental

data and previous theoretical treatments for molecular
autoionization.

Our results for the autoionization of the 1

£’
(lou 20g) state in H2 are in good agreement with previous
ab initio calculations and indicate the reliability of our
approach. Due to the lack of experimental data through
the resonance region, as well as the neglect of
vibrational state averaging of the theoretical results,
meaningful comparisons between these theoretical and
measured photoionization cross sections are not possible.
Of primary interest in the present studies of
molecular autoionization is the structure observed in the
production of the inu state of C2H2+. Comparison of the
present calculations with the available experimental data
indicates that the minimum and second maximum in the
photoionization cross sections and the dip in the
asymmetry parameters are accounted for by using a
single-configuration wavefunction for the representation
of the resonant lﬂu (20u - lvg) state. However, further
correlation effects in the ground and resonant states, as
well as vibrational state averaging, are expected to
modify dramatically the calculated resonance features.
Additional correlation in the lnu3 kng partial channel,
such as excitations of the type lnu > 1ng and the possible
1+

2, (30g #* nou) autoionizing state, are expected to

change the shape and position of the lower kinetic energy
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maximum. In addition to these refinements in the present ab
initio theoretical treatment for C2H2, absolute
measurements for the photoionization cross sections in the
resonance region would be very helpful in clarifying the
observed structure. Lastly, comparisons of our results to
the previous model-exchange calculations illustrate the
advantage of using accurate Hartree-Fock single-particle
orbitals for the non-resonant background continuum. Our
results for the lnu -+ kwg continuum indicate a non-zero
contribution from this partial channel, in agreement with
the normalization independent experimental ratio of the

minimum to the second maximum cross section suggesting

a substantial kﬂg background.
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APPENDIX I.

NORMALIZATION OF THE INCOMING-WAVE AND

PRINCIPAL-VALUE WAVEFUNCTIONS

We write the static-exchange Hamiltonian for

electron-molecular ion collisions as H = HO + V, where H

contains the long-range Coulomb potential and V is the

0

short—-range component of the static exchange potential.

The Hartree-Fock single-particle functions,IWE >, are
solutions of the Lippmann-Schwinger equation:
{=) =1 c(-) (~)
Yy = > . Yo
v >= by >+ vive >, (1)

{=)

where |¢‘§> is the pure Coulomb scattering wavefunction,

c(=) is the Coulomb Greens functions. As a result of

(=)
30 the normalization of IWK > is

b=
k >.
shown with the use of the following identities:

and G
the integral equations

This can be
30

determined by the normalization of |¥

=1 (=)

VAR >

% (2)

|
M
.
¥
\4

GC(-)T s G v (,3)

(=) is the full Green's function associated with

where G
the total Hamiltonian. Equation (1), using the above

identities, can be rewritten
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(_") (") (__) (") . (_) l (—)
vy > = |¢; S viep >'= l¢g > + g Viez
and the adjoint is given by

e} (=] =) :
g P=<op Ir<op |V g
The normalization is then

(=) (=) (=) (=) () 1 (=)

<W;. IW; ¥ = <¢§| IWE >+ <o |v ET-E+ic |‘¥k -

Using Equation (1) we find the first term on the right-

hand side of Equation (6) to be

=) (=) (-) (=)

<¢;, | ¥v» > = <¢§, I ¢E >
G e vy o>
or:
(=) (=) (=) (=)
<¢>, | w; > = <¢>, | o >
(-) 1 (=)
— <¢§, | E'-Etic v | W; > .

(5)

(6)

(8)

(9)
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The partial-wave amplitudes obey a similar relationship,

() (-) () ) sk’
Yep'n' D Yo = % 'n' Mxen” = — 2 %22 ‘mm

(10)

=)

The relationship between the |V > and ]Wiiil> functions

k2m
is
(P) ‘70
Iwkzm > % Iwkzm > (1 + iK )ER , (11)
so that
<y (P) vl s (1-ik0), . <vlE) lw(:) > (1+iK°)
k'a'm' kam 7T 2 M 2'% “PkIm ' FkIm 20
Lok (12)
§ (k'
= BAE oK) 5 piedwe) e 164K (13)
2 3 L 2

_ 8(k -k) oy 2
=Tz [(}”(If ) j’z'g . (14)
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Table I. Cartesian Gaussian Basis Set for H,.

2

Type of function Exponent
S 48.4479
S 7.28346
S 1.65139
S 0.462470
S 0.145885
S 0.04029
S 0.0065
P 1.5
P 0.5
P 0.16
P 0.060715

P 0.02224




Table II. Scattering

204

Basis Set

Type of function
for the gcattering
symmetry

Zu Hu Function Center Exponent

S X Nuclei 2.0,0.63,0.2
pA X2z Nuclei 2.0,0.63,0.2
2=1,3 2=1,3 Origin 0.63

8rhe functions at the

origin are spherical Gaussian

functions while those at the nuclei are Cartesian

Gaussian functions.

These ae defined in Reference 43.
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Table III. Characteristics of the

1 "
Zu (lou209) State of H, at R=1.4 a.u.

2

-Excitation Dipole Transition width
Energy (ev) Moment (a.u.) (eV)
30.07 0.0820 0.45
30.72 0.08822 0.29°
31.039 -- 0.38
30.71 -- 0.40
30.999 - e 0.41
- - 0.44
a) Reference 23.
b) Reference 25.
c) Reference 16.
d) Reference 26.
e) Reference 22.
f) Reference 24.
g) Obtained from data in References 16 and 22 assuming an ionization
potential of 16.4eV.
h) Calculated excitation energy includes the energy shift resulting

from the interaction of the resonant state with the background
continuum.

S0¢
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FIGURE CAPTIONS

Photoionization cross sections for the X2

z b state

g

of H2+: present results including autoionization,
(length) and — —— (velocity); present FCHF

results, — — —(length) and -~ - - - — (velocity);

results of Ref. 16,— ~-—; X, experimental results

of Samson and Cairns (Ref. 28).
2. +

Photoelectron asymmetry parameters for the X Zg
state of H2+: present results including auto-
ionization, ——— (length) and =—-—- (velocity);
present FCHF results, — — —(1length); results of
Ref. 16,--=-=-—=~ ;s X, experimental results of Marr
et al. (Ref. 29).
Photoionization cross sections for the XZHu state
of C2H2+: present results including autoionization,
(length) and --—----- (velocity); present
FCHF results, — ——— (length) and — — —
(velocity).
Photoionization cross sections for the X2Hu state
of C2H2+: present results including auto-
ionization,——— (length); TDLDA results,--&é-——
(taken from Ref. 18, no attempt has been made to
interpolate the data points); x, experimental

results (Ref. 31) normalized to the present dipole

length cross sections at 24eV.
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2

Photoionization cross sections for X Hu state of

C2H2+: present results including autoionization,
—————— (velocity); x, experimental data (Ref. 31)
normalized to the present dipole velocity cross
sections at 24eV.

The lﬂu+kog partial channel photoionization

cross sections for C2H2+ in the dipole length
form: present results including autoionization,

; present FCHF results, ------- ; present
direct mixed results, -—— - — - — : TDLDA results,
——— (Ref. 18, no attempt has been made to
interpolate the data points).

The lwu+kég partial channel photoionization
cross sections for C2H2+, see figure

caption 6 for labels.

Photoelectron asymmetry parameters for the X2Hu
state of C2H2+: present results including

autoionization, s (length) and -------

(velocity); present FCHF results, — — — (length)

and (velocity).

Photoelectron asymmetry parameters for the X2Hu

state of C2H2+: present results including

autoionization (length), ; present FCHF results

(length), -------; TDLDA results, —¥—— (Ref. 18);
X, experimental data of Parr et al. (Ref. 5);

A+ experimental data of Keller et al. (Ref. 6).
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Photoelectron asymmetry parameters for the Xzﬂu

state of C2H2+: present results including auto-

ionization (length),

; present FCHF results
(length) , — = — —; present direct mixing results
(length) , - - = —; x, experimental data of Parr

et al. (Ref. 5); A, experimental data of Keller

et al. (Ref. 6).
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CHAPTER IV

RESONANT ENHANCED MULTIPHOTON IONIZATION PROCESSES
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SECTION A

THREE-PHOTON RESONANT FOUR-PHOTON IONIZATION OF H

VIA THE clnu STATE

2
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I. INTRODUCTION

Resonant Enhanced Multiphoton Ionization (REMPI) is a powerful probe of
electronically excited states. The high power lasers used in such studies not
only provide high selectivity in energy (of the order of the laser bandwidth),
but also make accessible via multiphoton absorption states that are single-
photon forbidden by dipole selection rules. When combined with photoelectron
energy analysis, REMPI allows us to focus very directly on the photoionization
of the excited states and on the dynamics of multiphoton ionization. Recent

1-12 on REMPI processes in diatomic molecules such as H,, CO, NO,

experiments
and N, have begun to reveal several interesting features. A theoretical under-
standing of these features is obviously needed.

Recently, Pratt et a1.12 analyzed the photoelectron energy
spectrum resulting from a three-photon resonant four-photon ionization of H,
via the Clnu state. This resonant state, Rydberg in character, overlaps in
energy with the valence. BIZZ state. The T component of this C‘Hu.state
interacts with the Blz: state via the Rydberg-valence mixing while the T~

12 ere able to select only the T~

component is unaffected. Pratt et al.
component of the C1Hu state as the resonant intermediate state by tuning the
laser frequency in resonance with the three-photon Q(1) transition line.

This illustrates the tremendous selectivity achievable in REMPI processes.

The kinetic energy of the photoelectrons ejected from this resonant intermediate
was analyzed. These data provide the branching ratios for ionization out of

a specific vibrational state v’ of the Clnu state into different vibrational
states v'  of the xzz; state of H;- These vibrational branching ratios de-
viated significantly from the appropriate Franck-Condon factors. Possible

reasons for this behavior are the enerav and the internuclear distance

dependence of the electronic transition moment, autoionization and
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perturbations with overlapping, allowed transitions. Autoionization and pertur-
bations are less probable due to other considerations.12 In this communication,
we quantitatively assess the role of energy and R dependence of the electronic

transition moment on the vibrational branching ratios in these (3+1) REMPI ex-

periments of Pratt et a1.,12 p I T
1ot 3hv x hv 4 + o+ -
Ha (X Zg v”, Jo =1) > H,(C nuv’, Ji=1) > Hz(Xzzg, v)+e . (1)

Comparison with the measured branching ratios shows good agreement for vibrational

branching ratios for v/ = 0 and 1 excitations although differences exist between

theory and experiment for v/ = 2, 3 and 4 excitations.
I1. THEORY

An analysis of REMPI cross-sections and the related angular distributions
requires molecular parameters such as the transition moments and transtion
frequencies and their incorporation into the dynamics equations. These steps
are non-trivial even for the simplest of diatomic molecules, H,, and is hence
not surprising that very few theoretical calculations have been carried out for
molecular REMPI processes.m’14 Our framework for analyzing the dynamics has
been presented elsewhere.l® For the process in Eq.(1), the probability
for ejection of an electron in the direction (6,¢) with respect to the 1light
polarization vector (1inearly polarized 1ight was used in the experiment of

Ref. 12 and is assumed here) obeys

dP(8,¢) _
dt P;M’ FMiM%(es‘i’) pi"i . (2)
i

In this equation p;,; is the density matrix element < JiM%ID‘JiMi > (an
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indices other than Ji and Mi needed to describe a molecular state have been
suppressed for clarity) and TMng a generalized differential jonization rate.
Detailed expressions for rMiM% are given in Ref. 15 where it is also shown
that in the absence of Mi mixing, ionization through each |JiM1 > forms an
independent channel. Thus Pir; is proportional to GMng’ and, therefore, for
photoionization of the CIHu state excited from the ground state via a three-
photon Q(1) transition (Ji=1)’ Eq.(2) reduces to

dpég,¢ =T11 P11+ Too Poo* TLio1p.1-1 (3)

FM Mr can in turn be expanded in spherical harmom‘cs15 as
i

L)

max

, = (4)
;M E

Yi M. v Y (9,¢)
M LM’MiMi LM

where the coefficients YLM;Mng depend on the bound-free radial matrix elements
and scattering phase shifts. M=0 for M.=M: and TMiMi and P(e,4) in-Egs. (3) and
(4), are independent of ¢ and consist of only Legendre polynomials. Furthermore,
as the accessible partial waves (o_, m_and & _) are all of the same g symmetry

9 g

(T) . 4 (see Eq.(40) of Ref. 15)

only even order Legendre polynomials up to Lmax

survive in Eq.(4). Thus

Tyy. =1 Y o.mm. Yyol0s®) - 5
MM, 1=0,2,2 LOsM.M, 'LO (5)

Equation (3) shows that, in addition to Ty, pii(i=0,tl) are needed to
19
calculate the actual REMPI angular distributions. For the weak field excitation

conditions of Ref. 12, Pij is given by
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<am i ot

Pii® ) }
Mo |J1Ml> (EJI-EJO-h\)) (EJ2'EJO'2h\))
JoM; >

JiMy > < JaMy [T-E [ doMp >

JoMe > < IM;
(6)

From the XIZZ initial state, the dipole allowed intermediate states, at the
J
one-photon level, are of Z: and Hu symmetry while those at the two-photon Tevel
are of Z;, T, and A_ symmetry. For an overall three-photon Q(1) transition,

g g
Jo = J1=1 which restricts J, to be 1 or 2. Note that the two-photon transition

from the Jo = 1 Tevel of the X‘Zg state to the J; = 0 Tevel of a Z;-type state
is forbidden by parity selection rules. Moreover, the J, = 0 level does not
exist in Hg - and Ag-type states. 0f these allowed states, the J, = 2 state
contributes only if the electronic state is of Hg or Ag type. In H,, the Towest

states of ng and Ag symmetry are, respectively, the Ilﬂg and JlAg which lie at

about 14-15 eV above the ground state.16

The E, F 12; state, on the other hand,
is about 12 eV from the ground state. For photon energies hv ~ 4 eV the detuning
(EJZ- EJo - 2hv) for these Hg and Ag states is about 6 eV while that from the E,
F 12; state is about 4 eV. Hence, in the preliminary results presented here, we
neglect the contribution to Pirj from states other than those of Z; symmetry.

Such contributions will be included in Tater studies. Neglecting this contribu-
tion eliminates the need to calculate and Pijrs if one is interested only in the
relative branching ratios. This comes about as poo = 0 for 2; states with J, = 1.

Furthermore, pi1 = p-1-1, and Tyy = Tzy_1 which, combined with Eq.(3) imply

dr(e

5t~ o Ta(e) . (7)

In the absence of saturation as assumed here, the solution of the above

equation 1is,

P(8) = (constant)-T11(8) . (8)
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Since we are only interested in relative contributions, we shall set the con-

stant in the above equation to unity and use, hereafter,

P(6) = Tia(8) . (9)

In the same spirit, we also ignore factors 1ike the laser intensity in the
expression for T';1(8) (see Eq.(29) of Ref. 15).

Thus, to investigate relative branching ratios all we need to calculate is
the differential cross section for ionization out of the IJ1=1,M1=1> state.
From the analysis in Ref. 15, TI'11(6) depends on the bound-free electronic transi-

tion matrix elements of the type
Lo (u) ,
= [ x*,R) X, (R) re (k;R) dR (10)

where

,E.U)(k R) = < w(e) ({713 R)\z rs Yp,(r} lw Y(F135R) > (1)

denotes the transition moment for the i+f transition at a given internuclear

separation R and electron momentum k. In our studies of the non-Franck-Condon

effects on vibrational branching ratios, we adapt the following notation:

a) Franck-Condon (FC): r(U)(k R) inside the integral in Eq.(10) is replaced

by its value at some k? = kz and R = R,. ﬁg) then simplifies to a product of

(u)

re; (kO,R ) and the Franck-Condon overlap between v’ vibrational state of

the ion and v’ vibrational state of Clnu state.

- (u
b) non-Franck-Condon (non-FC): r:?)(k;R) in Eq.(10) is replaced by rfi)(ko;R)

and is retained inside the R integral. These calculations assess the effect

of the R dependence of the transition matrix element on the branching ratios.
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(n
c) Full: Here both the k and R dependences of rfi)(k;R) are retained. For a
fixed photon energy hv, selecting v’ and v’ fixes k? by the energy conservation

equation (in atomic units)

Ev,+ hv EV,

2
k
+"'2— s (12)

These results include both the energy dependence as well as the R dependence of
the cross sections and should, therefore, be most complete.

In our calculations the Clﬂu wave function was obtained using the improVed
virtual orbital (IVO) techm’que.17 The energies of the Clnu state obtained this
way are within 5% of the correct va'lues.16 The continuum wave functions for the
photoelectron in og, ﬂg and 69 channels was calculated by solving the Hartree-
Fock equations using the iterative Schwinger variational techm‘ques.18 rgg)(k;R)
was then calculated at R=1, 1.4,2,3 and 5 a.u. and for a range of k.
Interpolation was performed in R and in k to obtain required r;?)(k;R). For
part (a) Re = 1.4 a.u. The value of kZ for parts (a) and (b) was determined
from Eq.(12) with v’ = v' and hv taken from Ref. 12 for excitation to the
Q(1) branch of Clnu(v') state. For part (c), the correct value of k is deter-
mined from Eq.(12) for each v Finally, the vibrational wave functions x,

and X+ were calculated using the finite element method of Malik et a1.19

with the potential curves of Sharp.16

IIT. RESULTS

In Fig. 1 we compare the branching ratios calculated at the various levels
of approximation (a), (b) and (c) with the experimental results of Pratt et a'I.12
As in the experimental data, we plot P(6=0). The results are normalized such
that the v’ = v' peak in all three approximations and in the experiment is of unit

height. (Note the break in the graph for Vv’ = v peak). As expected, the
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v = v+ peak is dominant. This is due to the Rydberg character of the Clﬂu
state which makes the potential surface for the CIHu state nearly identical
to (but shifted in energy from) that of the xzz; state of H;. The theoretical
branching ratios decrease rapidly for v # v’. The results of approximations
(a), (b), and (c) reveal an interesting feature: the branching ratios de-
crease for v' < v’ as the R and k dependences of r$2) are included
and increase for vi > v’ with these dependences included. The difference
between 'non-Franck-Condon' and 'full' results is simply a reflection of the
increasing of the cross section for decreasing energy which skews the branch-
ing ratios towards higher v values. (Note that, since viis increasing to
the left, k increases to the right as indicated by Eq.(12).) The difference
between Franck-Condon and non-Franck-Condon results arises from the particular
R dependence of the photoionization cross section for the Clnu state. This
difference is probably specific for the photoionization process under study
and may be different for other states and molecules.

We now compare the results of our studies with the data of Pratt et a1.12
For v/ = 0 and v’ = 1 excitations, the agreement between theory and experiment
seems quite good. For v’ = 2 to 4 the experimental branching ratios for v v’
are much larger than the theoretical predictions. In particular, for v’ = 4,

+

the v = 3, 5, and 6 experimental peaks are all of about equal height, while

theory predicts the vi=3and6 peaks to have 0.11 and 0.2 times the height of

4
v

5 peak (which is ~ 18% of vi=4 peak). A similar descrepancy exists in the

14

\ 3 and V' = 2 excitation data as well. These differences may be due to
autoionization, accidental resonances at the 3-photon excitation level, and
the contribution of the Hg and Ag states to the 3-photon excitation amplitude
which are neglected in our present studies. Of these, autoionization seems to
play no role as the results of Ref. 12 are insensitive to changes in photon

frequency. To analyze the contribution of Hg and Ag states to the excitation,
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we have calculated Ty, in Eq.(3) and observe that the branching ratios in
Too(0=0) are very similar to those quoted here. Thus the inclusion of the
TooPoo term in Eq.(3) will not significantly alter the relative branching
ratios. The existence of accidental resonances with the P branch of some
high vibrational level of the BIZI state can also be ruled out for all v’

12 Another improvemeht in our calculations would be the

states except v’ = 3.
inclusion of correlation effects. Such studies are currently underway.

In summary, we have presented ab initio calculations for vibrational
branching ratios in (3+1) REMPI of H, via the C‘Hu state. Calculated ratios
are in good agreement with recent experimental resu1t512 for excitation through
lower vibrational states of the Clnu states. Differences do exist for excita-

tion through higher vibrational Tevels. Further studies are needed to understand

these differences.
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Figure Caption

Fig. 1: Vibrational branching ratios in (3+1) REMPI of H, via the
C?Hu state. v’ denotes the vibrational state of Clnu state

and v’ that of the xzz; state of the ion.
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SECTION B

ROTATIONALLY RESOLVED (3+1) REMPI OF H

VIA THE Blzu"' STATE

2
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Introduction

Resonance enhanced multiphoton ionization (REMPI) techniques
probe in detail the dynamics of multiphoton absorption and photo-
ionization of excited molecular states. In (n+m) REMPI, an n-photon
absorption to a resonant state is followed by an m-photon ionization
out of this state. The high state-selectivity of this process,
together with high resolution (10 - 30 meV) photoelectron energy
analysis, provides detailed information about the resonant interme-
diate state as well as about the dynamics of photoionization. Within
the last few years, this technique has been successfully employed
to investigate the REMPI dynamics in a variety of diatomics such as
Hy» N, NO and c0.17%7

With sufficient energy resolution, the photoelectron spectrum
of some ions can be rotationally resolved in a REMPI process. This
permits an analysis of the dynamics pertaining to the specific ro-
vibrational state of the ion. Rotationally resolved photoelectron
spectra in (1+1) REMPI of NO via the A2zt state revealed anomolous

12

branching ratios™~ which have been accounted for through detailed

quantitative ca1cu1ation518. In another experiment, Pratt, Dehmer

and Dehmer1 reported measurements of the photoelectron

spectrum resulting from (3+1) REMPI of H, via the Blzu+ state. With

a photoelectron energy resolution of about 30 mev, the ionic vibra-
tional states were clearly resolved while the rotational states were only

partially resolved in the photoelectron spectrum. These results

showed several interesting features such as a strong dependence of
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the spectra on the intermediate rotational level and on the final
ro-vibrational level and, the suppression of the N and T branches

in the resonance excitation and the AJ = %3 transitions in the
photoionization. Due to the uncertainty in the transmission function
of the electron spectrometer for slow electrons below 1 eV,1 a detailed
assessment of non-Franck-Condon effects in the vibrational branching
ratios was not presented. Non-Franck-Condon vibrational intensities

have been reported in related experiments on H2 2’3.

In this letter, we present results of quantitative calculations
of ro-vibrational branching ratios resulting from the (3+1) REMPI

process of ref. 1:

3hv * +

Boe X2z T (v =0, =3) = Hy : BZ,

g 0
hv

+ + -

—> H,: xzzg (vys 0,) + e

0

Our results indicate that the photoelectron transition moments are
more sensitive to the kinetic energy than to internuclear separation.
In view of the preliminary nature of the experimental studies,1
agreement with experiment is reasonable. The analysis of the dynamics
reveals that the suppression of the AJ = *3 (AJ = Jp= Ji) peaks

results from dynamic interference between the do and dm channels and
does not imply the smallness of the d-wave or the jt =3 contribution.1
With more accurate, calibrated measurements on this REMPI process

underway, the results and analysis presented here should prove quite

useful.
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Theory

The theoretical analysis of the REMPI process of eq. (1) is
similar to that of the (3+1) REMPI of H, via the C'I, state.!9:20
Here we give only those details which are pertinent to this specific
process and refer to references 19 and 20 for further details. We
shall assume that linearly polarized 1ight of weak intensity excites
the REMPI process. These assumptions imply that REMPI originating at
a specific magnetic sublevel (JOMO) of the initial state forms an
independent channel. In the absense of M-mixing interactions, the
probability of ejection of an electron in the direction (6,¢) with

respect to the direction of polarization is given by20

dP(6:0) . 1 o (6,0)pss =T (T ps:) Y u(850) (2)
% %i MyoM, T g g, LML

Under the weak field conditions, the population Py4 41 the specific

(JiMi) level of the resonant intermediate state is proportional to 20

< IMTE|IM > < JoMo [UB[ UMy > < 9My

> >
1J.EIJoMo > (3)

i g (E2-Eo-2hy) (E1-Eo-hv)
0 IJ1M1> 2=Lo \Y] 1=Co=NV

[J.M, >

The detailed expression for the ionization widths Tis is given in ref. 20.

The summation over the virtual intermediate states includes the complete
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set of rotational-vibrational-electronic states. Selection rules
imply that only states of lzu+ and 1nu symmetry contribute at the
one-photon level (|J;M;> ) while states of lzg+ and 1IIg symmetry con-
tribute at the two photon level (|J:M2 >) in eq. (3). In the

present studies we have truncated the sum over the electronic states
by retaining the Blzu+, Clnu, E, F1£g+ and Ilng states and keeping

up to v=9 in the vibrational manifolds of each of these states.

The summation over rotational states was performed implicitly using
closure re‘lations.21 Considering the off-resonance conditions at the
single- and two-photon level, these approximations should give a
reasonable estimate for the three-photon excitation probability in
eq, (3).

The bound-bound transition moments were taken from Wolniewiez
23

22

and Wolniewiez and Dressler®” except for the BIZU+, Clnu -+ I

g
transition which were calculated using the improved virtual orbital

24

(1Iv0) method. The vibrational wave functions were generated with

25

the accurate potential energy curves of Sharp. The photoelectron

continuum wave functions for the kcg and kng channels were obtained

in the frozen-core Hartree-Fock approximation with the ground state

lcg orbital. The equations were solved by the iterative Schwinger
26
variational method. Finally the bound-free transition moments

< xzzg+, kogs kngl nE |812u+ > for each R were calculated using the

IVO wave function for the Blzu+ state. While the energies of the

Blzu+ state in these IVO calculation are within 5-10% of the correct

values, the B-X transition moments deviate from the accurate va]ues22

at large R. This behavior, also addressed by Jackson et a1.27

reflects the inadequacy of the single configuration wave functions at



237

large R. This behavior at larger R is not important for the ionic
vibrational levels of interest here. The effects of electron
correlations will be discussed in a later publication. The bound-
free matrix elements were calculated at internuclear distances of
R=1., 1.4, 2., 3., 5., a.u.and photoelectron kinetic energies
between 0.1 and 1 evV. These calculated values were further inter-
polated as required in studying the non-Franck-Condon matrix elements.19
A calculation of three-photon rotational 1ine strengths using
the procedure discussed above reveals that the N(3) and T(3) lines
are smaller than the P(3) and R(3) lines by about two orders of
magnitude. This fact is in agreement with the experimental observa-
tions of Pratt et a1.1 The suppression arises not only from the
smallness of the angular momentum factors such as those discussed by

21 but also because of destructive interference between

Halpern et a1;
various excitation pathways in eq. (3). Dynamical details such as
this latter feature can become evident only through quantitative

studies of these processes.



238

Results

In figure 1 we present the results of our calculations for
ro-vibrational branching ratios for the REMPI process in eq.(1).
The values in these plots are proportional to the probabilities of
photoelectron ejection in the direction of light polarization
(P(6 =0, ¢ =0)). Results are presented for both the P(3) and the
R(3) excitations to the Bizu+ state. For each ro-vibrational state
of the ion three bars labelled ‘'Franck-Condon', 'non-Franck-Condon'
and 'full' are shown. These approximations correspond, respectively,
to (1) neglecting the energy and R dependence of the bound-free
matrix elements, (ii) neglecting the energy dependence but retaining
the R dependence, and, (iii) retaining both the energy and the R

19

dependence of the photoionization matrix elements. These results

indicate that the branching ratios are much less sensitive to inter-

nuclear separation than to the kinetic energy dependence. The sensitivity of
the branching ratios to photoelectron energy increases with higher

jonic vibrational number as the cross-section increases rapidly with
decreasing electron kinetic energy.

Our calculated Franck-Condon (FC) factors for Vi = 7 vibrational

level of the Blzu+ state to v, = 0-3 levels of the ion are, respec-

+
tively, 0.00039, 0.0074, 0.045 and 0.105. These values differ from

those given in ref. 1. We believe the differences arise from the use

1

of a Morse potential by Pratt et al.” The vibrational wave functions

in our calculations were generated numerically using accurate potential

25

energy curves of Sharp. Thus the present FC factors should be quite
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reliable. The insensitivity of the branching ratios to the R de-
pendence together with their reasonable agreement with the experimental
data for the P(3) branch (Fig. 2) also supports the reliability of our
FC factors.
Another interesting feature evident in the results of fig. 1 is that
the ratios of AJ = -1 peak to AJ = +1 peak are nearly constant for different

vibrational states of the ion. In addition, calculated values for

the AJ = +3 peaks are at least three orders of magnitude smaller than

the AJ = +1 values. We now give an analysis of these two features.

At these low photoelectron energies only the s and d partial waves

are important in the photoionization dynamics.28 For ionization out of
the B’zu+ state leaving the ion in a 2Eg+ state the selection ru'le18
for rotational angular momentum transfer implies that J+—Ji = odd,
i.e., AJ =21, #3... . Thisin turnrestricts the values of momentum
transfer jt to 1 or 3. These features allow the bound-free transition

matrix element (eq. (14) of ref. 20) to be written as

M
¥y gm0 =\/71‘3?‘ (-1 (2o, + 1) (20, + 1)

111

<V | D

YfJ+M+0

J, J. 1 J, J; 1 - J, J.: 1 2 11 A
- - Yoo(k) Isc: +[§ o Y2m(k)
0 0O M, Mi 0 -M+ Mi m -m0 -m

* (Ido ¥ 3 Idﬂ)}

J,. J. 3\/J, J. 3 2 1 3 5
- -/'Z . v VoK) (‘E Tgo = 214y (4)
0 0O -M+ M.i m; -m0 -m

He

where
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denotes the complex dynamical coefficient for photoionization. The first
term in eq. (4) corresponds to jt = 1 and the second term to jt = 3. For

AJ = %3, only the jt = 3 term contributes in eq. (4). The suppression of

A = £3 transitions then implies that the second term in eq. (4) must be
small. This could occur either because the angular momentum terms are small
or because (V3 Lt = Zldﬂ) is small. One can easily show that the angular
momentum coupling for jt =1 and 3 terms are comparable in magnitude. Thus
the suppression of AJ = +3 transitions implies that (/3 Lig = ZIdn) is small.
This, however, does not mean that the d-wave itself is weak. Typical values
for ISO, Ido and L obtained via our calculations are ISo = 0.113 + i 0.533,

I g = 2.254 + i 2.910 and Idn = 1.888 + i 2.558. These values indicate

d
that the d-wave is in fact stronger than the s-wave but, (/3 Idc - ZIdn)
is about two orders of magnitude smaller that (Ido + /3 Idn)' Thus

the suppression of the AJ = %3 peaks in the REMPI process of eq. (1)

js a result of the dynamic interference between the do and dn continuum
channels. In other systems Ido and IdTT could have different magnitudes
that could give rise to significant AJ = %3 peaks.

In the direction of polarization (6 = 0), eq. (4), after ignoring

the jt = 3 terms, simplifies to

M, 3. Js 4[4, 3,1
+ Y3 + Y3
<y | D |V > = (-1) "W (20,+1)(23,+1)
rlMe T s T Tyydgfye i *\o 0 oflm Mmoo

1
mE’gISO+ZIdo+2‘/§Idn]

(5)
where we have used the relationship Y, (6=0) = 241 8 The above result
P Vom 4n 'm,0 °

implies that if Iso’ Idc and Iy, are constants, the ratio of the AJ = -1

to AJ = +1 peak will be constant. Within the first two approximations
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(Franck-Condon and non-Franck Condon) mentioned above, I s 1, and I
SO do dm

are independent of energy. Using the calculated Py (in arbitrary units,
464.14, 458.22, 424.84, 310.03 for 'Mil =0, 1, 2, 3 for R(3) excitation
and 459. 45, 453,52, 376.84 for IMj] =0, 1, 2 for P(3) excitation)
the ratios of the AJ = -1 peak to AJ = 1 peak are found to be 0.69 and
0.91 for J; =2 (P(3) 1ine) and Ji = 4 (R(3) Tine) respectively. These
ratios agree with the complete calculation. Deviations from these
values in the case/of 'full' bars reflects the energy dependence of
the dynamical coefficients.

Finally, in Figure 2 we compare our 'full' calculations with
the experimental data of Pratt et al.l We have arbitrarily normalized
our results to the v, =2, J_= 3 peak in the experimental results. The
data agree reasonably well for the P(3) excitation while considerable dis-
crepancy exists for the R(3) excitation. Since the transmission function
of the analyzer used in Ref. 1 was not characterized below 1 eV kinetic
energy and the data were presented in a raw form, these comparisons must be
viewed as preliminary. The results of the ongoing, refined experiments,29

when they become available, should help unravel the underlying dynamics here.
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Conclusions

We have presented results for the ro-vibrational branching ratios
resulting from a (3+1) REMPI of H, via the Blzu+ state. These
calculations indicate that the effects of non-Franck-Condon behavior
are less pronounced here than in the (3+1) REMPI via the Clnu state.19
The analysis of rotational branching ratios reveals that the suppression
of AJ = +3 peaks is a result of dynamic interference between do and dr
ionization channels and does not necessarily imply the smallness of
the d-wave or the jt = 3 angular momentum coefficients. In contrast
with the behavior seen in the experimental data for the
R(3) excitation, our calculations show that AJ = 1 peak is higher than
AJ = -1 peak for both the P(3) and the R(3) excitations. We have, in
the present work, neglected the effects of saturation, electron
correlation in the B state, and possible ro-vibrational autoionization
in the continuum. The inclusion of the first two features is
currently underway and the results will be published elsewhere. If

29 ¢tim

the data from the refined experiments currentlyunderway
differs significantly from calculated results including effects of
saturation and correlations, the role of autoionization will have to be

considered.
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Figure Captions

Theoretical ro-vibrational branching ratios for (3+1) REMPI of
H2 via the Blzu+ v = 7 level. The numbers above the bars denote
the jonic rotational state. The data has been normalized to the

v = 2, J+ = 3 values.

Comparison of theoretical calculations ('Full' results from
fig. 1) with the experimental data of ref. 1. Theoretical

results are normalized to the v _ = 2, J, = 3 experimental values.
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SECTION C

(2+1) RESONANT ENHANCED MULTIPHOTON IONIZATION

1s *

OF BZ VIA THE E,F 2g STATE
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I. INTRODUCTION

Resonant-enhanced multiphoton ionization (REMPI)
techniques provide a useful tool for the study of highly
excited molecular states and the dynamical features of
the electronic continuum. In addition, for systems with
inversion symmetry, this method provides an opportunity
for studying dipole forbidden bound and continuum states,
revealing previously unseen resonance features.l’2
In a previous paper3 we have described the formal
development of our theory for (n+m) REMPI processes, which
are considered two-step events with n-photon absorption to
a resonant intermediate state followed by m-photon
ioniZAtion. We have applied this method to several systems

47 common to all of these

with encouraging results.
applications is the description of the resonant
intermediate state's electronic wavefunction in the
improved virtual orbital (IVO)8 approximation. This
single configuration representation is adequate for these
Rydberg-like resonant states; however, for Rydberg-valence
mixed states it is necessary to use configuration
interaction (CI) wavefunctions.

The double-well E,Flz * excited state
is a Rydberg-valence mixed state where the inner-well
(E state) is Rydberg in character, while the outer-

well (F state) is valence-like. The double-

well structure of this excited state suggests the
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possibility of .interesting anomalies, e.qg.,
non-Franck-Condon behavior, and has been studied

9,10 have

intensively. Recently Zare and coworkers
measured the vibrational branching ratios and
photoelectron angular distributions in a (2+1) REMPI

1

process via the E,F Zg+ state of H,. In this experiment

2
1, + 1. +
the X Zg ground and resonant E,F Zg states are
vibrationally and rotationally resolved, but only
vibrational resolution is performed for the final ionic

X22q+ state. The (2+1) REMPI process is:

H xlzg+ v 3 22 H, B, F lZg+(\Ji,Ji)ll\-)—H2+ X?‘Zg+(\)+). (1)
This one-color experiment probes the three lowest
vibrational levels of the inner-well, i.e., v, = 0,3,6,0f
the full potential. Despite the rather low resolution
(150 meV) in the photoelectron spectra, the vibrational
branching ratios and photoelectron angular distributions
obtained display highly non-Franck-Condon behavior. For
example, the vibrational branching ratios deviate from
predictions using the Franck-Condon factors, and the
photoelectron angular distributions show a strong
dependence on the final vibrational state. 1In order to
understand the dynamical features observed in the
photoelectron spectra and angular distributions, we have
performed ab_initio calculations for these quantities,

employing a correlated wavefunction for the intermediate
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state. Our results are in general agreement with the
measured values and indicate that the observed
non-Franck-Condon behavior results primarily from the
R-dependence of the dipole transition moments.

In the following section we review briefly our
theoretical approach and present the relevant
calculational details. In the last section we present and
discuss the calculated vibrational branching ratios and
photoelectron angular distributions and compare them to

the experimental results of Andersen et al.10

II. THEORY

The general theory for REMPI molcular processes
is given in Reference 3, and here we briefly describe only
those details that are necessary for the specific scheme
given in Equation kl)- Iﬁ accordance with the
experimental conditions we assume that the molecules are
excited from an isotropic ground state by
linearly polarized light of weak intensity. With these
assumptions the population, Py of each IJiMi> level of

the resonant intermediate state is proportional to3

2

p.. « Z | L <JiMi|u°€|J M, ><J Mllu-elJOMO> (2)

il MoleMl> 171 1

El - EO - hv
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lZ +

where [JOMO> is the ground X state with total angular

momentum JO and z projection Mo’ IJlMl> is a virtual state
at the one-photon level,and hv is the photon energy. In
the absence of M-mixing interactions (collisions, etc.),
assumed in Equation (2), each IJiMi> level will form an
independent ionization channel, and the probability,
P(6,¢), of ejecting an electron in the direction (6,¢)
with respect to the polarization direction (e) is given

by3

dp(6,9)

dt rm_ M (6,¢) Pid 4 (3)

L

2™

where T, is the ionization width given by Equation
iy 4

(29) of Réference 3. P(6,¢) itself can be expanded in

Legendre polynominals as

L
max
z

P(8) = BL. P, (cos®) (4)

L=0

For these weak field studies Lm is determined by the

ax
rotational quantum state of the intermediate level and is
at most 2J.+1 or 2(n+m) for an (n+m) REMPI process.

The infinite summation in Equation (2) is over the
complete set of rovibrational electronic states |JiMi> of
H2. The effect of truncating this summation has been

studied by Huo and Jaffell

for two-photon excitation of
the E,F state. On the basis of this study we have

included in this summation only the lowest states of
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1 1

ungerade symmetry (B Zu, c Hu) and kept up to v=9 in the

vibrational manifolds at the one-photon level. The

summation over rotational states was performed implicitly,

12

using closure relations. The bound-bound transition

moments were taken from previous calculations by

13 and Wolniewicz and Dressler.14 The

Wolniewicz
vibrational wavefunctions were obtained by numerical
solution of the one-dimensional Schrodinger equation, using

the potential energy curves compiled by Sharp.15 The

electronic wavefunction for the E,F 1

zg* state was
determined by a full configuration interaction (CI)
calculation using a 6s5pld uncontracted Gaussian basis
set. This calculation produces 240 configurations of the
proper overall Zg+ symmetry. The wavefunction was
calculated at the following internuclear distances:
R(atomic units) = 1.0, 1.401, 1.911, 2.500, 3.12, 3.70,
4.39 and 5.00,covering the necessary range of the
potential. The energies obtained are within 0.6% of the

15

accurate calculated values. The photoelectron continuum

wavefunctions for the kou and knu channels were calculated
in the frozen-core Hartree-Fock approximation, using the

16

iterative Schwinger variational method. Finally, the

bound-free electronic transition moments

2, + & | 1. +
<x Zg r koe ko |use | E,F L, > (5)
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were calculated for each R and for a range of photo-
electron kinetic energies, k2/2, between 1.22 - 4.12 eV.
Interpolation was performed in R and k to obtain the
necessary matrix elements for integration over the
numerical, vibrational wavefunctions and for specific

kinetic energies.

III. RESULTS

In Figures 1-3 we present our calculated vibrational

branching ratios for the Ve = = 0,3,6 levels of the

VE,F
E,F state. The plotted values are proportional to the
probability of photoelectron ejection along the direction
of light polarization, (P(6 = 0, ¢ = 0)). For each
vibrational level of the ion, four bars are shown with the
experimental data reproduced from Reference 10. The three
bars labeled Franck-Condon, non-Franck-Condon, and Full
correspond to our-calculated results using different
levels of approximation, i.e., 1) neglecting the energy
(k) and R dependence of the bound-free matrix elements; 2)
neglecting the energy dependence but retaining the R
dependence; and 3) including both the R and energy
dependence,4 respectively. The plots are normalized to
the most intense peak determined experimentally,10 which,
as expected from the Rydberg character of the E-state, is

Av = vV, - Vg = 0, where v_ is the vibrational quantum

E



255

number defined for the inner-well levels,; i.e., Ve = 1l for
The similarity of the non-Franck-Condon and the Full
branching ratios indicates the weak dependence of the
results on the kinetic energy of the photoelectron.
However, the significant differences between the Franck-
Condon and non-Franck-Condon calculations result directly
from the R-dependence of the electronic dipole transition
moments and illustrate the breakdown of the Franck-Condon
approximation for these processes. Furthermore, it is
seen that the Franck-Condon approximation poorly
reproduces the experimental photoelectron spectrum, as

demonstrated by Andersen et al.lO

The disagreement
between the Experimental and the Full results may be
exaggerated somewhat by the above-mentioned normalization
procedure as a result of the finite rise time and ringing
of the photoelectron detector used in the experiments by
Andersen et al.lO
We present the results of the calculated and
experimental photoelectron angular distributions for the
Q(0), Figure 4, and Q(1), Figure 5, branches via the
VE'F=3 vibrational level. 1In these figures the vertical
direction corresponds to 6=0. The non-Franck-Condon
behavior for these transitions is seen by the dependence
of the angular distributions on the final vibronic levels,

particularly for v+=0 to v+=l. The calculated

distributions reported are the Full results, where both the
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R and photoelectron kinetic energy dependences are
retained in the evaluation of the transition moments. A
quantitative comparison between the calculated and
measured angular distributions is difficult for reasons
discussed in Reference 10; however, the general trends are
reproduced. The lack of "sharpness" around 90° for some
of the experimental angular distributions may be
attributed to the finite angular resolution (~ 3°) of the

photoelectron detector.

IV. CONCLUSIONS

We have presented results for the photoelectron
angular distributions and vibrational branching ratios
resulting from a (2+1) one-color REMPI of H, via the
lz +

=0,3,6 vibrational levels of the E,F state. The

VE,F
calculated vibrational branching ratios are in general
agreement with the experimental results of Andersen et

al.%o

indicating that the pronounced non-Franck-Condon
behavior observed is primarily due to the R dependence of
the electronic transition moments. General agreement
between the theoretical and experimental angular
distributions is obtained. We have, in the present work,
neglected the effects of saturation and autoionization in
the continuum,which are believed to be of minor importance

in the present study. In a previous paper7 we have shown

the sensitivity of the calculated results to the inclusion



257
of saturation effects. In conclusion, we believe that
this present study has shown the applicability and
strength of our theoretical treatment for (n+m) REMPI
processes via Rydberg-valence mixed resonant states. The
effects of this mixing are expected to be even more
dramatic if the outer-well vibrational states v, = 0,1,2,

F

i.e., v =v, =1,2,4,5 were probed. Further
E,F "1

theoretical and experimental studies for ionization

through the outer-well would be very useful in unraveling

the dynamics of these molecular photoionization processes.
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FIGURE CAPTIONS

Vibrational Branching Ratios for (2+1) REMPI via

the VE’F = 0, Q(0) 1level.

Vibrational Branching Ratios wvia the'v

|
w
~

E,F ~
0(1) level.

Vibrational Branching Ratios via the Vg p = 6
L

0(1l) level.

Photoelectron angular distributions for the Q(0)
branch via the Ve p = 3 level. (a) Experimental
results of Reference 10, and (b) present Full

results. 6=0° is vertical.

Same as Figure 4 but via the Q(1l) branch.
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