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Non-Franck-Condon Effects Induced by Orbital Evolution and Cooper Minima
in Excited-State Photoionization of OH
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We show that strong non-Franck-Condon eAects can arise from photoionization of molecular Ryd-
berg orbitals which evolve rapidly with internuclear distance and display Cooper minima in their photo-
electron spectrum. The non-Franck-Condon mechanism should be most pronounced in excited-state
photoionization of diatomic hydrides. The mechanism is illustrated with specific ab initio predictions of
ion vibrational distributions for a proposed (3+1) one-color or (2+ I) two-color resonant multiphoton
ionization measurement of OH via the D Z (ltr 5cr) state.

PACS numbers: 33.80.Rv, 33.90.+h

The photoionization of molecular Rydberg states is

generally expected to occur with the preservation of vi-

brational quantum numbers. ' For Rydberg states
which are well described by a single, highly excited elec-
tron with a specific ionic core, the near identity of the
neutral and ionic potential surfaces leads to Franck-
Condon distributions, i.e., Av =v+ —v'=0. Here v' and
v+ are vibrational quantum numbers for the neutral
Rydberg state and the ion, respectively. Important ex-
ceptions to this result have recently been shown to arise
from electronic autoionization of repulsive doubly excit-
ed states in photoionization of the C'H„Rydberg
state H2, and shape-resonance-induced non-Franck-
Condon effects in photoionization of the C TIg Ryd-
berg state of 02. These effects derive from considera-
tions of final-state photoionization dynamics. In this
Letter, we predict a mechanism for producing significant
non- Franck-Condon vibrational distributions which
derives solely from properties of the initial Rydberg or-
bital. These properties are the following: (i) the Ryd-
berg level must have at least one radial node in its wave
function, so that a Cooper minimum' '' may occur in
some portion of the photoionization spectrum, and (ii)
the Rydberg orbital should evolve rather rapidly into its
united or separated atom limits, over a range of internu-
clear distance associated with low-vibrational levels, e.g. ,
v'-0-3. Molecular Rydberg orbitals with these charac-
teristics typically occur in diatomic hydrides, an impor-
tant class of species in multiphoton ionization, photodis-
sociation, and photofragmentation problems. Chupka
has pointed out the likely significance of Cooper minima
in excited-state molecular photoionization. However, ex-
perimental and theoretical information was insufBcient
then to identify specific mechanisms which could result
in anomalous ion vibrational distributions. These ideas
are now discussed specifically in terms of electronic
structure and ab initio calculations of vibrationally
resolved photoionization spectra of the D Z (ltr 5cr)
Rydberg state of OH.

In Fig. 1 we show potential-energy curves for the
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FIG. 1. Potential-energy curves for the ground and first ion-
ic state of OH, and the excited states of the electronic con-
figuration 2 (I tr no) (from Refs. 12-14). The atomic ener-

gy levels are from Ref. 15.

A' II(ltr ) ground state of OH, the A Z (ltr ) state of
OH+, and a set of excited-state curves leading to the ion
with the electronic configuration X (ltr ncr), where
n =4-8. ' ' Following Mulliken, ' we have correlated
the states of neutral OH with states of the united atom
fluorine, ' ' and have also indicated some states of the
separated atoms. The repulsive nature of the

Z (ltr 4a) state arises from "Rydbergization" of an
antibonding 2po —1sH molecular orbital into the fluorine
3s orbital at small R. '

We have performed (Hartree-Fock) improved-virtual-
orbital ' calculations of the 2 (1 tr 5cr) and

(1 tr 6cr) Rydberg states, in which the excited orbital
has been optimized in the field of the A' Z (ltr ) ion.
In Table I we give total electronic energies at five inter-
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TABLE I. Total energies of OH X Rydberg states and
principal angular momentum composition of na Rydberg
orbitals. '
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'The calculated vertical excitation energy of the 2 (la 5o) state
from the X H (1x ) ground state at R, =1.8342ao is 11.3 eV. The ex-
perimental value is 10.2 eV (Ref. 22).

Internuclear distances and total energies are in atomic units.
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nuclear distances and angular momentum compositions
of the Scr and 6o orbitals, as determined by single-center
expansion of the wave function about the center of mass.
The contributions to the 5o. and 6o. orbitals for l ~ 2 are
essentially negligible, and are not included in Table I.
Treating the Rydberg nature of these orbitals explicitly
by the improved-virtual-orbital method results in quite
accurate reproduction of level splittings. The calculated
quantum defect of the 5a orbital at R, =2.043ao is
0.723, and is the first member of a "p" Rydberg series
converging tp the ionization threshold at 13.01 eV.
The 6a orbital has a quantum defect of 1.391, and is the
first member of an "s" series whose potential-energy
curve resembles the ion. The 7o. and 8o. orbitals are the
second members of the p and s Rydberg series, shown re-
spectively as the unlabeled solid and dashed curves in

Fig. 1. Although these orbitals correlate with the united
atom 3p and 4s orbitals, the nonspherical molecular field
at larger R results in significant admixture of the s- and
p-wave components. As seen in Table I, the angular
momentum composition varies rapidly as the internu-
clear distance changes adiabatically, with limits restrict-
ed by symmetry and energetic requirements at small and
large R. Accompanying this rapid variation in angular
momentum composition are changes in nodal structure
of the excited-state wave function. This has important
consequences for photoionization from the molecular'ex-
cited state.

We have studied photoionization of the 2 (lrr Scr)
Rydberg state using frozen-core, numerical Hartree-
Fock continuum orbitals. These orbitals were obtained
using the iterative Schwinger variational method,
and employed the multiplet-specific Hartree-Fock poten-
tial used in calculations of the photoionization cross sec-
tion for producing A' Z (lrr ) ions from the OH ground
state. To account for non-Franck-Condon eAects, we
included full kinetic energy and R dependence in the
bound-free transition moment

rf, +,„= dRg„*+(R)rf;(k;R)g, (R) .
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Here, rf;(k;R) is the transition moment calculated at
fixed internuclear distance R and electron momentum k,
for a bound (Rydberg) initial state ii) and continuum
(photoelectron+ionic core) final state i f). The vibra-
tional wave functions for the 2 (lrr So) Rydberg state
and the 'X (lrr ) ion are indicated by g, , and g,, +, re-
spectively. The Rydberg initial state and photoelectron
orbitals for the 5a ko and 5o. kz continuum chan-
nels were obtained over a range of internuclear distance
which spans the v+ =0-5 vibrational levels of the ion.
The vibrational wave functions for the Rydberg and ion-
ic states were obtained by numerical integration of the
potential curves of van Dishoeck and co-workers' ' and
Werner, Rosmus, and Reinsch, ' respectively.

In Fig. 2 we show photoionization cross sections for
the 5a. kz channel at several values of the internuclear
distance. The principal result is demonstration that the
electronic transition moment (cross section) is a strong
function of internuclear distance, and hence the usual
Franck-Condon factorization of rf, , +,, becomes invalid.
As a consequence, we can expect significant departures
from the h.v =0 propensity rule for producing molecular
ions in different vibrational states (see Fig. 4). Prior to
focusing on this, we summarize the essential features of
these fixed-nuclei cross sections, which underlie the pre-
dicted non-Franck-Condon behavior.

At values of R (2.lao, the cross section in Fig. 2 is
markedly diminished —5-eV photon energy, which re-
sults from canceling contributions to the photoionization
matrix elements. The cancellation occurs mainly in the
Sa krr (l =2) channel, and results from a single radial

Ft+. 2. Calculated (velocity form) photoionization cross
sections for the 5o kn channel at various internuclear dis-
tances. The cross sections assume an ionization potential of
2.81 eV.
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FIG. 3. Calculated dipole strengths (incoming-wave nor-

malized, velocity farm) for the Sa k~ channel, l =1-3 con-
tinuum partial waves, at R =1.8342ao.

node in the p-wave (I =1) component of the Sa orbital.
In Fig. 3 we show the (incoming-wave normalized)
partial-wave dipole strengths

~ Dt ~
for the Srr~ kyar

channel at R =1.8342ao. The continuum d-wave (I =2)
component determines the overall spectral behavior,
which exhibits a zero at —2-eV kinetic energy. As seen
in Table I, the Sa orbital is predominantly p wave (i.e.,"

prr,
" correlating to the 3p orbital of Iluorine), whose

nodal structure results in the Cooper minimum. This
one-electron feature is well-documented in ground' "
and excited-state photoionization of atoms, and the
ground state of molecules with "lone-pair" molecularecu ar or-
bitals. ' As the internuclear distance increases beyond
R —2.1ap, the 5o orbital rapidly evolves into one with
predominantly excited s-wave (I =0) character. Here
the Sa orbital overlaps more effectively with the kx
(t =1) continuum orbital at these photoelectron ener-
gies, and as the photon energy increases, the cross sec-
tion exhibits a rapid and monotonic decrease. This is
similar to that predicted for photoionization from excited
s orbitals of atoms. The Sa ko cross sections (not
shown) are considerably less R dependent, and do not
show a minimum as striking as in the 5o kz channel.

In F&g. 4 we show calculated ion vibrational distribu-
tions for photoionization of the v'=0-3 levels of the
2g f 2(lm Scr) Rydberg state. The photon energies for
each frame correspond to the one-photon ionization step
of a (3+1) one-color, resonant-enhanced multiphot
~ ~ 0 1,2

o on
ionization experiment (indicated in Fig. 1). For a
single-color experiment this scheme seems advantageous,
since the a 'A ionic state (Vip =15.17 eV) is ener-
getically inaccessible, and possible eA'ects due to channel
coupling would be avoided. A (2+1) two-color experi-

FIG. 4. Calculated vibrational branching ratios for OH
D X, ~~v =0-3j photoionization. The one-photon energies for
the v'=0-3 frames, respectively, are 3.42, 3.52, 3.62, and 3.73
eV. In each frame the ratios were obtained by dividin the

~ ~

& g e
v =0 absolute mtensity. Franck-Condon ratio (solid bar)

full, length form (crossed bar); full, velocity form (cross-
hatched bar).

ment could probe the same photoelectron energies, how-
ever. The ratio of Franck-Condon factors )

(v+
~

v')
) is

at most —0.2 (e.g., the v'=3 v+ =4 transition). By
inclusion of the R dependence of the photoionization ma-
trix elements exactly, we find very large deviations from
Franck-Condon predictions. For the h, v =v+ —v' =1
branching ratios, the enhancement over the Franck-
Condon results are typically -3. For the h, v =2 transi-
tions, the enhancements range from factors of —10 to
50. Th ese enhancements in the vibrational branching ra-
tios are comparable to those induced, e.g., by electronic
autoionization of doubly excited states, in photoion-
ization of the C 'H„state of H2.

In summary, we have discussed a new mechanism by
which molecular ion vibrational distributions produced in
resonant-enhanced multiphoton ionization experiments
can substantially deviate from the well-known hv =0
propensity rule. We have predicted the presence fe o a

ooper minimum in the photoionization spectrum of the
D X (Ix So) Rydberg state of OH, and have shown
how the evolution of this feature with changes in internu-
clear distance mediates the non-Franck-Condon behav-
ior. Such behavior should be clearly observable in mea-
sured vibrational branching ratios. Finally, we believe
that these considerations wi11 not be restricted to the
present OH example, but will generally be most pro-
nounced in diatomic hyd rides, since their electronic
structure is close to the corresponding united atom.
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