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Resonant Multiphoton Ionization Spectra of Molecules and Molecular Fragments 

The objective of our research under this contract is the development and 

application oi’ theoretical techniques for studying several resonant multiphoton 

ionization processes in molecules. Our goal is to  provide a quantitative 

understanding of the underlying dynamics of such multiphoton processes. With our 

close interaction with several of the key experimental groups in this area, we fully 

expect the results of these studies to be useful in the analysis of experimental data 

which is becoming increasingly available from the wide range of applications of this 

technique. Such applications include the use of resonant multiphoton ionization as a 

probe of excited states and of the photoionization dynamics of excited states, for 

state-specific detection of species in gas and surface scattering, for  sensitive 

detection of reaction species e.g. in plasma and combustion diagnostics, and for 

ultrasensitive detection of atoms and molecules. 

Below I will summarize the progress we have made to date in our studies of 

resonant multiphoton ionization spectra of molecules. The specific problems of 

interest to us generally pertain to experimental studies of such spectra in which the 

photoelectron energy and angular distributions are determined. These energy- 

resolved spectra contain important dynamic21 information concerning the resonant 

multiphoton ionization process. Important features in such multiphoton ionization 

spectra of molecules of interest to include: (i) non-Franck-Condon vibrational state 

distributions of ions, (ii) rotational distributions of ions and the rotational state 



dependence of photoelectron angular distributions, and (iii) circular dichroism in 

photoelectron angular distributions as a probe of alignment in linear molecules. 

A significant feature of these studies is that they are all being carried out using 

quantitatively reliable electronic continuum orbitals. The use of such photoelectron 

orbitals is essential in studying the dynamical aspects of molecular resonant 

multiphoton ionization spectra of interest to us. At the low photoelectron kinetic 

energies associated with these experiments, crude or unconverged continuum 

orbitals can lead to incorrect answers to the detailed dynamical questions being 

asked e.g. rotational distributions of ions and circular dichroism in photoelectron 

angular distributions. The determination of these electronic continuum orbitals for 

molecular ions introduces several complexities which do not arise in studies of the 

related atomic problem. The continuum orbitals used throughout these studies are 

obtained using an iterative Schwinger variational procedure originally developed for 

linear molecules and extended to nonlinear systems such as H,O, NO,, C,H,, and 

CH,. 

A summary of our research progress, along with some background discussion 

where necessary, is as follows. 

(i) Circular dichroic angular distributions (CDAD) as a a probe of molecular 

alignment: Studies of orientational effects in chemical processes have attracted 

considerable attention in recent years due to the detailed dynamical information 

such studies can provide. Fluorescence techniques, most often laser-induced, are 

currently used to determine molecular alignment. We have shown that circular 

dichroism in photoelectron angular distributions is a sensitive probe of molecular 

alignment i.e. the nonstatistical distribution of M, levels produced by 

photoabsorption, photofragmentation, and molecular scattering from surfaces. 

These CDAD spectra, obtained by taking the difference between angle-resolved 
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photoelectron spectra for left- and right-circularly polarized light, arise in the 

electric-dipole approximation, occur in linear molecules, and do not require chirality. 

What makes CDAD so useful for studying alignment can be seen from the 

expression for its intensity, ICDAD(0) 

L 

where aL = ALPL. Here A, are the state multipole moments of the alignment for the 

resonant state, p, contains all information concerning the p hotoionization dynumics, 

and 8 is the angle between the polarization vector of the pump laser and electron 

collection direction. We now note that in this expression the moment index L of the 

alignment (A,) is the same as that for the photoelectron (p,). This important feature 

is unique to CDAD and is not true for typical photoelectron angular distributions. 

The moments of alignment At2) and A(4' can also be simply extracted from these 

CDAD spectra. 

In collaboration with M. White and his coworkers at  Brookhaven National 

Laboratory, we have also carried out a detailed experimental and theoretical study 

of these dichroic effects in photoelectron angular distributions for (1 + l), two-color 

resonant multiphoton ionization of NO via the A2E+ state. Here we demonstrated 

that the photoelectron angular distributions exhibit significant left-right 

asymmetry Le. dichroism, and that the CDAD spectra readily provide information 

about excited state alignment in both their phase and magnitude; the former relates 

to the shape of the excited state M,, distribution and the latter relates to  the degree of 

alignment. This dependence of the phase and magnitude of the CDAD spectra on 

alignment was explicitly demonstrated for excitation of the resonant state through 

different rotational branches. 
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These studies provide a foundation for extemion of the CDAD technique to the 

study of ground state alignment induced by chemical processes. For example, we 

showed that photofragment alignment can be extracted from CDAD spectra in a 

straightforward manner, independent of the photoionization dynamics. Such 

photofragment alignment is typically characterized by one parameter, Ao(2). To 

obtain this parameter it is only necessary to measure the (1 + 1) CDAD spectra for 

two different branches. Experimental studies of ground state alignment induced by 

photofragmentation of molecular precursors containing weakly bound NO e.g. 

CH,ONO, are currently in progress in M. White’s laboratory. 
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(ii) Rotationally-resolved laser photoelectron spectroscopy of excited states: 

With the advent of resonant-multiphoton-induced photoelectron spectroscopy, there 

has been an upsurge of interest in rotational propensity rules in photoionization. 

Such studies not only provide highly detailed dynamical information on the 

photoionization process itself but also offer the possibility of producing rotationally 

selected ions. Rotationally selected ions are of considerable interest for studies of 

state-specific reactions. 

Whereas ionic rotational levels have been resolved in the photoelectron 

spectrum of H, with relative ease, rotational resolution for heavier ions has been 
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difficult because of their smaller rotatiocal constants. However, Reilly and 

coworkers (J. Phys. Chem. 90, 5078 (1986) have recently obtained roationally- 

resolved photoelectron spectra for NO in (2 + 1)- and (1 + 1)- resonant multiphoton 

ionization via the D2C+(3pa) state and A2E+(3so) states. A surprising feature in the 

spectra via the D2E=+(3po) state was the strong AN=O peak where AN is the 

difference in the angular momentum quantum numbers for the resonant excited 

state and the ion. Due to the selection rule AN + e  =odd (S. N. Dixit and V. McKoy, 

Chem. Phys. Lett. 128, 49 (1986)), where is the angular momentum of the 

photoelectron, a AN = 0 peak of significant intensity implies that the photoelectron 

orbital must have substantial odd partial wave character, probably e =  1 at these low 

energies. Combined with the “pure” p ( t=  1) character of the Rydberg orbital of the 

D2Z+(3po) state, this AN=O peak arises from a 3p +kp electronic transition, a 

forbidden process in an atomic-like model. We have studied these rotational 

branching ratios for photoionization of the D2E+ state of NO and do find a strong 

AN = 0 peak which is due to a substantial p-wave in the photoelectron wavefunction. 

This, in turn, arises from the coupling of angular momentum in the continuum 

orbital caused by the nonspherical potential of the molecular ion. This is a purely 

molecular effect which will be particularly important for polar molecules and 

illustrates the need for a correct quantitative description of photoelectron orbitals in 

the determination of rotational state distributions in photoelectron spectroscopy. 

We have also studied the rotational branching ratios in (1 + 1)-resonant 

multiphoton ionization of the A2;1:+(3so) state of NO. These results show the 

presence of weak AN= F 1 peaks in the photoelectron spectrum, a feature, which 

although weak, is again purely molecular in origin. A study of the dependence of the 

relative intensities of the AN = T 1 and f 2 peaks in this spectrum on the rotational 

branch used in the excitation has allowed us to positively identify the branch 
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accessed in the experimental studies (Viswanathan et al. J. Phys. Chem. 90, 5658 

(1986)). 
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(iii) Electronic Autoionization and the Preparation of State-Selected Ions: An 

important application of resonant multiphoton ionization is the vibrationally state 

specific production of ions. Vibrationally excited ions produced in this way can be 

used in studies of the influence of vibrational excitation on the rates of chemical 

reactions. The essential idea is that by ionization of resonant Rydberg states with 

potential energy curves parallel to that of the ion, the Franck-Condon factors would 

be nonzero only for w’ = w + . Experimental studies of the vibrational branching ratios 

resulting from a (3 + 1)-resonant multiphoton ionization of H, via the v‘ = 0,1,2,3, 

and 4 levels of the C1nu state showed significant non-Franck-Condon behavior (J. L. 

Dehmer et al. Chem. Phys. Lett. 105, 28 (1984)). For example, ionization via the 

v‘ =4 level, where essentially only ions in the w + = 4 state are expected on the basis 

of Frmck-Condon arguments, shows branching ratios into the v’ =3,5,  and 6 levels 

of about 60%, 40%, and 30% respectively of that for the w + = 4. It is clearly important 

to understand the underlying causes for these vibrational distributions in H, and 

other molecular systems of interest. Such behavior can have significant implications 

for several applications of resonant multiphoton ionization to molecules. 

-6- 



As a first step in quantitatively accounting for this non-Franck-Condon 

behavior we included the internuclear and energy dependence of the electronic 

photomatrix elements in calculations of these branching ratios (McKoy et al. Phys. 

Rev. A 30, 3332 (1984)). The predicted photoelectron spectra agreed well for 

ionization through the v’ = 0 and 1 levels, displayed non-Franck-Condon behavior, 

but showed increasingly strong disagreement for v’= 2,3, and 4. It has become 

evident that this disagreement is due to perturbation of H,+ by a doubly exci‘;ed 

autoionizing state of H,, probably the 1rIp(2p02pn) state. We are close to completion 

of calculations which will fully incorporate the effects of such autoionizing states on 

ionic vibrational distributions in resonant multiphoton ionization spectra. Our 

treatment explicitly includes both the direct and autoionizing pathways for 

photoionization and the proper treatment of the nuclear dynamics. We expect to 

complete these studies within the next two months. Our interest here extends 

beyond H, and is motivated by the observation that electronic autoionization will be 

widespread in resonant multiphoton ionization spectra. An understanding of these 

effects is needed to fully exploit the potential of this technique. 

(iv) Resonant multiphoton ionization spectra of molecular fragments: 

Resonant multiphoton ionization is a sensitive state-specific probe of molecular 

species such as OH, CO,SiF, NH, etc. The identification of the species and the 

determination of rotational and vibrational state populations and of alignment, 

where relevant, are important applications of this technique. An important 

objective of our studies is to provide some quantitative understanding of the 

dynamics underlying the interpretation of such experimental applications of the 

technique. 

We have started studies of the resonant multiphoton ionization spectra of OH 

and SiF. OH is an important fragment in photodissociation processes while the SiF 
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radical is of interest as a product observed during chemical etching reactions at  

silicon surfaces. SiF with its large bond distance also offers the possibility of 

displaying shape resonant behavior at low enough energies to be accessible in 

multiphoton ionization studies which are currently feasible. The presence of a shape 

resonance in the ionization continuum will, of course, have a profound influence on 

rotational distributions in the ions. Many such fragments have open electronic 

shells which, upon ionization, lead to a complicated multiplet structure. For 

example, ionization of the In level of OH with its lo22021n3 electron configuration 

produces the X3Z-, alA, and blZ+ states of OH+. The molecular ion potential 

appropriate to each specific multiplet must be used in obtaining the associated 

photoelectron continuum orbitals needed in studies of resonant multiphoton 

ionization of this fragment. We have already completed the analytical and 

computational steps associated with the determination of these orbitals. We have 

used the results to obtain the single-photon ionization cross section of the X211 

ground state of OH. This is a necessary first step in our studies of resonant 

multiphoton ionization cross sections of this fragment. Studies of the resonant 

multiphoton ionization cross sections of OH and SiF are well under way. 

5. J. A Stephens and V. McKoy, “Photoionization of the Valence Orbitals of OH”, 

J .  Chern. Phys. (submitted for publication). 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 


