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Overview 

Resonance Enhanced Multiphoton Ionization (EtEMPI) utilizes laser radiation 
to prepare a molecule in an excited state via multiphoton absorption and to 
subsequently ionize that state before it can decay. A remarkable feature of REMl?I is 
that the very narrow bandwidth of laser radiation makes this process highly 
quantum-state selective with respect to both the initial and resonant intermediate 
states. Coupled with high-resolution and angle-resolving photoelectron spectroscopy, 
REMPI is clearly also an important probe of the photoionization dynamics of excited 
molecular states at a highly state-specific level. This extreme state-selectivity gives 
rise to many important applications of REMPI in both basic and applied science such 
as 

(i) ultrasensitive and state-specific detection of unstable, reactive, or trace 
species in combustion and chemical etching processes. 

(zi) production of molecular ions in specific vibrational and rotational levels 
for use in studies of ion-molecule reactions. 

(iii) exploring excited state chemistry and physics at the quantum-state- 
specific level. 

The objective of our effort is to carry out theoretical studies of resonance 
enhanced multiphoton ionization processes in molecules and molecular fragments. 
These studies are designed to provide a quantitatively robust analysis and prediction 
of key spectral features of interest in several ongoing experimental studies and 
applications of this technique. The specific problems of interest to us in our studies 
are 

vibrational distributions of ions produced via REMPI with particular 
emphasis on the non-Franck-Condon behavior of these distributions. Such 
non-Franck-Condon behavior introduces serious complications both in the 
extraction of state populations from REMPI signals and in the use of this 
technique for production of ions in specific vibrational levels. Our goal 
here is to quantitatively determine non-Franck-Condon ion vibrational 
distributions which arise from different underlying mechanisms such as 
the presence of shape and autoionizing resonances and Cooper minima in 
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the photoelectron continuum and strong orbital evolution with 
internuclear geometry in the resonant state. Such studies can provide 
much needed insight in designing possible REMPI schemes for producing 
specific vibrational distributions of ions. 

rotational distributions of ions prepared via REMPI of specific rotational 
levels of the resonant intermediate state. These distributions directly 
reflect the mylar momentum coupling in photoelectron orbitals which 
arises from the torques exerted by the nonspherical potentials of 
molecular ions. A very promising development in this aspect of our 
studies has been our identification of the significant influence that Cooper 
minima exert on these rotational ion distributions. We have 
demonstrated, in fact, that Cooper minima may be exploited to achieve a 
high degree of rotational state selectivity. The general objective here is to 
gain insight into how these rotational distributions can be tuned and 
influenced by the choice of the angular momentum character of the 
resonant state and by angular momentum mixing in the photoelectron 
wavefunc tion. 

~ 

Below I will summarize the progress we have made to date in our studies of 
these features and applications of REMPI of molecules and molecular fragments. A 
significant feature of these studies is that they are carried out using quantitatively 
reliable molecular photoelectron orbitals. These orbitals are taken as solutions of a 
one-electron Schrijdinger equation containing the nonspherical potential arising 
from the Hartree-Fock charge density of the molecular ion. For such potentials, 
photoelectron orbitals are not angular momentum eigenfunctions, i.e., they are not s 
or  p or d orbitals, but are admixtures of these angular momentum components. Such 
angular momentum mixing in molecular photoelectron wave functions exerts a 
strong influence on the dynamics of REMPI processes. For example, rotational ion 
distributions essentially reflect the interplay between the angular momentum of the 
photoelectron and that of the molecular ion. 

Accomplishments 

A summary of the progress we have made in our studies of these rotational and 
vibrational ion distributions resulting from R;EMPI of molecules is as follows: 
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* Non-Franck-Condon ion vibrational distributions: Non-Franck-Condon 
behavior in t;ke vibrational distributions of ions produced by REMPI introduces 
serious complications into such important applications of this technique as its use for 
state-specific production of ions and for the determination of state populations from 
ion signals. For example, the resonant level in many REMPI schemes is often chosen 
to be a molecular Rydberg state and, hence, photoionization of these states is 
generally expected to occur with preservation of vibrational quantum number. For 
Rydberg levels which are well described by a single, highly excited electron with a 
specific ioni, core, the near-identity of the neutral and ionic potential surfaces leads 
to Franck-Condon ion distributions, specifically Au = u+ - u* = 0. Here u* and u+ are 
the vibrational quantum numbers for the neutral Rydberg state and the ion, 
respectively. 

We have studied such anomalous ion vibrational distributions which arise from 
the presence of shape and autoionizing resonances in the photoelectron continuum 
and from the combined effect of Rydberg orbital evolution with internuclear distance 
in the intermediate state and the presence of Cooper minima in the photoionization 
cross section. These Cooper minima are due to zeros in a specific angular momentum 
component of the photoionization matrix element and will be seen to exert a dramatic 
influence on the rotational ion distributions.' Orbital evolution and Cooper minima 
are expected to be a common occurence in the REMPI dynamics of firsbrow diatomic 
hydrides. 

A summary and some highlights of this work are given in the following 
abstracts of publications based on these studies. 

1. Orbital evolution and promotion effects in the photoionization dynamics of 2C- 
Rydberg states of OH. 

J. A. Stephens and V. McKoy 
J .  Chem. Phys. 93,7863 (1990) 

Abstract 

In this paper, we discuss the photoionization dynamics of the D 2X:-(1n23po) and 
3 2Z-(ln24su) Rydberg states of OH, emphasizing the critical role that Rydberg 
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orbital evolution plays a t  intermediate to larger internuclear distances in  
determining vibrational and rotational molecular ion distributions. The orbital 
evolution process is discussed in terms of diabatic and adiabatic molecular states, 
united atom-separated atom correlation rules, and quantum defect functions. 
Vibrationally resolved photoelectron spectra and angular distributions for resonance 
enhanced multiphoton ionization (REMPI) of OH via the D 2Z-(ln25a) and 3 2Zc- 
(1x1~60) Rydberg states are considered as examples. The results and conclusions are 
relevant to vibrationally and rotationally resolved REMPI studies of all first-row 
molecular hydrides, due to the similarity of their electronic structure and 
correspondence to their associated united atom. 

2. Non-Franck-Condon effects in photoionization of the 3 311 Rydberg state ofNH. 
K. Wang, J. A. Stephens, and V. McKoy 
J .  Chem. Phys. 93,7874 (1990) 

Abstract 

Strong non-Franck-Condon behavior is predicted to occur in the vibrationally 
resolved photoionization spectra of NH for (3 + 1) resonance enhanced multiphoton 
ionization processes via the 3 311 Rudberg state. The non-Franck-Condon effects are 
interpreted on the basis of rapid orbital evolution, Cooper minima, and internuclear 
distance dependence of the dipole transition moment and cross sections. A Cooper 
minimum occurs in the 5u+kn channel at small internuclear distances, where NH 
resembles its united atom, oxygen. The iterative Schwinger variational method and 
multiplet-specific ion potentials are employed in the calculation of the photoelectron 
continuum wave functions. Cross sections and asymmetry parameters for 
photoionization of the NT3 ground state leading to the X 2 n ,  a 4Z-, and A ions are 
also reported. 

3. Multiplet-specific shape resonance and autoionization effects in ( 2  + 1) resonance 
enhanced multiphoton ionization of 0, via the d state. 

J. A. Stephens, M. Braunstein, and V. McKoy 
J .  Chem. Phys. 92,5319 (1990) 
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Abstract 

In this paper we discuss the single-photon ionization dynamics of the d Illg 

Rydberg state of 0,. Comparison is made with vibrationally resolved measurements 
of photoelectron spectra which employ (2 + 1) resonance enhanced multiphoton 
ionization (REMPI) through the d lII, state. A uu shape resonance near the 
ionization threshold leads to non-Franck-Condon vibrational branching ratios and a 
substantial dependence of photoelectron angular distributions on the vibrational 
state of the X zIIg ion. Significant differences exist between our one-electron 
predictions and experiment. These are mainly attributed to electronic autoionization 
of repulsive l2,-, lZ,+, and lAU states associated with the 1112 lng3 configuration. A 
proposed singlet “IC” ion probably also 
contributes to autoionization in the d lIIg state spectrum. We also show that 
autoionizing H and J 311u Rydberg states of 0, converging to the a 411u and A ionic 
thresholds, respectively, may play a previously unsuspected role in the C 311g state 
one-color REMPI spectra. We discuss multiplet-specific (spin-dependent) effects via 
comparison of these results with recent experimental and theoretical studies of 0, C 
311g photoionization. 

Rydberg state converging to the A 

4. Autoionization of repulsive valence states in (2  + 1) REMPI of 0, via the C 317g 
Rydberg state. 

J. A. Stephens, M. Braunstein, V. McKoy, and D. L. Lynch 
J. Chem. Phys. (manuscript in preparation) 

Abstract 

We present an analysis of the role of autoionization by the repulsive B 3Cu- 
valence state of 0, in resonance enhanced multiphoton ionization spectra via the 
C%Ig(lng3sog) Rydberg state. The analysis includes interference between direct and 
indirect ionization processes and dissociation, along with a configuration-interaction 
description of the autoionizing state. In the configuration interaction the 3Cu- terms 
with configurations ln: In,“, 3ug 3uU lng“, and In, 2n, play a crucial role. The uu 
shape resonance indirectly enhances the autoionization width in to the 3sog+kny 
continuum background, through configuration interaction within the B 3Zu- state. 
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. 
The results are compared with available REMPI measurements of vibrationally 
resolved photoelectron branching ratios. 

5. Non-Franck-Condon effects induced by shape resonances and orbital evolution in 
resonance enhanced multiphoton ionization of small molecules. 

J. A. Stephens, M. Braunstein, V. McKoy, H. Rudolph, and M.-T. Lee 
Oral Presentation a t  the Ninth International Conference on Vacuum 
Ultraviolet Radiation Physics, Honolulu (1990). 
Physica Scripta 41,482 (1990). 

Abstract 

We review and discuss some recent resonance enhanced multiphoton ionization 
(REMPI) studies of small molecules, emphasizing the role that shape resonances and 
Rydberg orbital evolution play in determining vibrational and rotational ion 
distributions. Strong non-Franck-Condon effects observed in ion vibrational 
distributions for REMPI of 0, via the C 311g and d lIIg Rydberg states are partially 
attributed to a uu shape resonance, previously observed in  ground Btate 
photoionization of diatomic molecules. Autoionization of repulsive valence states 
also induces non-Franck-Condon effects in these REMPI spectra. Significant non- 
Franck-Condon effects in molecular REMPI spectra also arise from a mechanism 
associated with rapid evolution of the resonantly populated Rydberg orbital with 
changing internuclear distance. These effects should be most pronounced in diatomic 
hydrides, and are illustrated by theoretical predictions of vibrational and rotational 
ion distributions for REMPI of OH and CH via the D zX- and E’ ,E+ Rydberg states, 
respectively. 

6. Photoelectron spectroscopy of excited molecular states. 
V. McKoy, M. Braunstein, H. Rudolph, J. A. Stephens, S. N. Dixit, and D. 
L. Lynch 
Invited lecture at the Fourth International Conference on Electron 
Spectroscopy 
J. Electron Spectroscopy and Related Phenomena 52,597 (1990) 
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Abstract 

Resonance Enhanced Multiphoton Ionization (REMPI), coupled with high- 
resolution photoelectron spectroscopy, is becoming an important probe of the 
photoionization dynamics of molecular excited states at  a quantum-state specific 
level. In this paper we will discuss some results of our studies of ionic rotational and 
vibrational distributions for REMPI of several small molecules such as H2, 0,, NO, 
OH, and CH which illustrate some dynamically important features of these 
processes. 

Rotational distributions of molecular ions produced via REMPI: REMPI 
offers wide possibilities for producing molecular ions in specific rotational levels via 
photoionization of selected rotational levels of the resonant state. Coupled with high- 
resolution and angle-resolving photoelectron spectroscopy, rotationally resolved 
REMPI is an extremely powerful probe of photoionization dynamics at a quantum- 
state-specific level. A significant development in our studies of these rotational 
distributions has been a quantitative demonstration of the significant influence of 
Cooper minima on such distributions.' In fact, Cooper minima can be exploited to 
potentially achieve a high degree of rotational selectivity in ion distributions. 
Furthennore, we have also shown that the circular dichroism in the photoelectron 
angular distributions from the (aligned) resonant state promises to be a ready probe 
of molecular Cooper minima.3 

Summaries and highlights of this work are given below. 

7. Cooper minima and rotationally resolved resonance enhanced multiphoton 
ionization spectroscopy. 

H. Rudolph and V. McKoy 
J .  Chem. Phys. 91,7995 (1989) 

Abstract 

We demonstrate that a Cooper minimum, close to threshold, in photoionization 
via an excited molecular Rydberg state can have a dramatic influence on the ionic 
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rotational branching ratios. It is also shown that this behavior can be exploited to 
produce ions selectively in a specific rotational level. To illustrate this effect we 
present the results of a b  initio calculations for (2 + 1') resonance enhanced 
multiphoton ionization via the Ol1(23.5) branch of the H 3X+(3d, 4s) state of NO, 
where a Cooper minimum is found in = 3 of the ka- and krr-continua at  photoelectron 
kinetic energies of 2.6 eV and 2.9 eV, respectively. 

8. ( 2  + 1') rotationally resolved resonance enhanced multiphoton ionization via the E 
2J2+(4s, 3d) and H 2F,+(3d, 4s) Rydberg states of NO. 

a. Rudolph and V. McKoy 
J. Chem. Phys. 93,7054 (1990) 

Abstract 

The results of studies of ionic rotational branching ratios and photoelectron 
angular distributions resulting from (2 + 1') resonance enhanced multiphoton 
ionization of NO via various high J( - 21.5) rotational branches of the E 2Z3+(4s, 3d)  
and H 
show the expected AN = even rotational propensity rule with very small AN = odd 
signals. The branching ratios for the E 2Z+ state are seen to be independent of 
photoelectron energy with the AN = + 2 signals strongest and no appreciable higher 
rotational transfer peaks (IANlr3). The higher rotational transfer signal for 
ionization of the H 2Z+ state are also negligible but the rotational branching ratios 
are strongly energy dependent due to a Cooper minimum in the C = 3 partial wave of 
the FLU- and kn-continua at a photoelectron kinetic energy of 2.6 eV and 2.9 eV, 
respectively. This leads to a strong rotational selectivity that can be exploited to 
produce ions in a specific rotational level. These consequences of Cooper minima 
close to threshold are quite general and their influence on rotational distributions 
should be readily observable in other molecular systems. The photoelectron angular 
distributions via both states show a strong energy dependence with a rapid change in 
the angular distributions around the Cooper minimum associated with the H 2Z+ 
State. 

+(3d, 4s) Rydberg states are presented. The rotational branching ratios 
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9. Cooper minima and circular dichroism in photoelectron angular distributions. 
H. Rudolph, R. L. Dubs, and V. McKoy 
J .  Chem. Phys. 93,7513 (1990) 

Abstract 

We demonstrate that circular dichroism in photoelectron angular distributions 
(CDAD), resulting from resonance enhanced multiphoton ionization (REMPI) of an 
aligned molecular Rydberg state, is a highly sensitive probe of the presence of a 
Cooper minimum near threshold. To illustrate this application of CDAD, we present 
the results of a b  initio calculations for (1 + 1') REMPI via the %L(5.5) branch of the D 
,C+ (3pa) state of NO, where a Cooper minimum is found in e =2 (d-wave) of the kn- 
continuum at a photoelectron kinetic energy of 3.2 eV. T h e  CDAD signal is found to 
vary rapidly with photoelectron kinetic energy, go through zero, and change sign in 
the region of the Cooper minimum. This result is predicted by CDAD theory for 
photoionization from an aligned atomic p orbital. 

10. Shape resonances in the rotationally resolved photoelectron spectra of 0,. 
M. Braunstein, V. McKoy, S. N. Dixit, R. G. Tonkyn, and M. G. White 
J. Chem. Phys. 93,5345 (1990) 

Abstract 

We report the results of theoretical and experimental studies of the rotationally 
resolved photoelectron spectra of 0, at low temperature leading to the u+ = 0, 1, and 2 
levels of the X 211g state of 02+. A delayed, pulsed field ionization technique is used in 
conjunction with a coherent VUV radiation source to obtain high resolution spectra 
near threshold. The data are compared with theoretical results obtained using static- 
exchange photoelectron orbitals and a full description of the mixed Hund's case (a>-(b) 
ionic ground state. Agreement with experiment is good, especially for the u+ = 1 and 
u+ = 2 levels. Analysis of the rotational branch intensities yields detailed 
information on the angular momentum composition of the shape resonance near 
threshold. We also show that the dependence of the electronic transition moment on 
internuclear distance caused by the shape resonance leads to a significant 
dependence of the rotational branch intensity on ion vibrational level. 
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11. Rotational branching ratios and photoelectron angular distributions in 
resonance enhanced multiphoton ionization of molecules. 

K. Wang and V. McKoy 
J. Chem. Phys. (submitted for publication) 

Abstract 

In this paper we derive selection rules for rotationally resolved photoelectron 
spectra associated with ( n  + l)-resonancz enhanced multiphoton ionization (REMPI) 
of diatomic molecules. In this derivation we assume an intermediate coupling 
scheme and include effects arising from multiplet-specific final state wave functions. 
Useful formulas and selection rules (incIuding parity) are obtained. In particular, we 
illustrate them with studies of rotational branching ratios and associated 
photoelectron angular distributions for (3 + l)-REMPI of NH via the 3 3rI Rydberg 
resonant state. A number of other results are obtained and discussed in detail. 

12. Rotational brunching ratios and photoelectron angular distributions in 
resonance enhanced multiphoton ionization of HBr and H C t  via the F A, 
Rydberg state. 

K. Wang and V. McKoy 
J .  Chem. Phys. (manuscript in preparation) 

Abstract 

We present the results of ab initio calculations of the rotational distributions in 
the X 
multiphoton ionization (REMPI) via the F l A, Rydberg state. The agreement 
between calculation and experiment is excellent. Both show a strong parity-favored 
distribution with about 80% of population in the -component of the A-doublet of J+ 
rotational state. These abnormal distributions in the other component cannot be 
explained on the basis of an atomic-like selection rule. We also present rotational 
branching ratios for zero-kinetic-energy photoelectron spectroscopy (ZEKE-PES) in 
the (2 + 1’) REMPI of HBr and HCC via the F A, intermediate state. The effect of the 
alignment of the intermediate state is emphasized here since it plays an important 

ground state of HBr+ resulting from (2 + 1) resonance enhanced 
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role in determining the rovibrational state population. Photoelectron angular 
distributions associated with these ionic rotational distributions will also be 
presented. 

13. Orbital evolution and Cooper minima in resonance enhanced multiphoton 
ionization ofRydberg states of OH -theory compared with experiment. 

J. A. Stephens, K. Wang, and V. McKoy 
J . Chern. Phys. (manuscript in preparation) 

Abstract 

Resonance enhanced multiphoton ior ization (REMPI) experiments have 
recently been performed on OH radicals produced by the photodissociation of 
hydrogen peroxide and formic acid.' In these experiments rovibrational levels of the 
D ?Z-(3pa) and 3 ?Z-(4sa) Rydberg states are populated by resonant absorption of 
two-photons, and ionized by a third photon of the same frequency. We will present an 
analysis and interpretation of these experiments using a b  initio calculations of the 
vibrational and rotational ion distributions for the (2 + 1) REMPI process. The 
resonant intermediate and electronic continuum final states are treated at the exact 
Hartree-Fock level using multipletispecific potentials, and include effects of 
alignment induced by the two-photon absorption. The influence of rapid orbital 
evolution and Cooper minima2 in determining the observed ion distributions will be 
discussed. 
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