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1. SCIENTIFIC PROBLEM

This goal of this program is to study the high-resolution spectroscopy

and the detailed mechanisms involved in sequences of resonant transitions

induced in atoms and molecules by multicolor, multiphoton excitation. These

studies are aimed at both determining the underlying physics and developing

the high degree of selectivity of mlticolor, ultiphoton processes in atoms

and molecules. This program involves the following three major activities.

First, in order to specify a sequence of resonant aoltiphoton transitions

in a molecular target, it is necessary to have a precise knowledge of the

rovibronic energy levels for each of the electronic states in the excitation

sequence. For many molecules (including well-studied diatomic molecules such

as V2 and 02), this information is fragmentary or lacking, especially for

those electronic states that cannot be excited from the ground electronic

state using single photon techniques. Thus, the first research area involves

the study of the high resolution spectroscopy of excited electronic states,

particularly electronic states that are dipole-forbidden in single photon

-i absorption.4

Second, It is necessary to establish the mechanisms and dynamical

* parameters governing maltIphoton processes. For example, In order to design

the most selective and sensitive excitation scheme, one must know the cross
sections for each step, the decay mechanisms and the decay rates of the

intermediate states, and the cross sections for all competing excitation

processes, including nonresonant ones. Such information is largely unknown at

this time.

Third, this work involves harnessing the rapid technological advances In

lasers, optics, and electronics to produce a composite laser probe that can

excite a preselected sequence of resonant steps within the five nanosecond

duration of the laser pulse.

II. SCIENTIFIC AND TECHNICAL APPROACH

The program uses a variety of laser sources, photon counting and charged

particle detection equipment, and computer control equipment to address the

problems described above. The major experimental components include the

following. (1) A Nd:YAG oscillator/amplifier with 2nd, 3rd, and 4th harmonic
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generation capability is used to pump several dye lasers, which together form

the composite excitation source. (2) Three independently tunable dye lasers

are presently in use and include a coimercial dye laser with a frequency

resolution of 0.3 cm- I and two ANL-built dye lasers of the modified Littman

design (two-grating grazing incidence). The latter dye lasers have a

S frequency resolution of 0.025 cm 1 at a fixed frequency and a resolution of

approximately 0.05 ca-1  when frequency scanned. Nonlinear frequency
upconversion capabilites exist for the commerical dye laser and for one of the

5. .. modified Littuan dye lasers, so that a composite three-color laser beam may

include one visible and two UV beaus. (3) A time-of-flight mess spectrometer

is used to analyze the ions produced following mnltiphoton ionization. (4) A

hemispherical electron energy analyzer Is used to analyze the kinetic energy

of the electrons produced following mnltiphoton ionization. (5) A

fluorescence spectrometer is used to monitor fluorescence fror laser excited

states and from the decay of excited photofragments. ( A PDP 11/23

microprocessor and a PDP 11/03 microprocessor are used to sn the various

lasers and to control the photon and charged particle detection channels.
Both microprocessors are CAMC interfaced to the laboratory hardware.

* Sumarizing, we are able to probe atoms and molecules with a fully

flexible composite laser probe and to measure directly the photolons,

* photoelectrons, and fluorescent photons. Neutral fragments also can be

monitored by subsequent ionization or by laser-induced fluorescence.

Spectroscopic and dynamical information is then obtained by monitoring these

detection channels as a function of the frequencies and polarization states of

one or more of the components of the composite laser probe.

III. PROGRESS

During the first two years of support by OUR, the program has produced

several prototype resonantly enhanced multiphoton ionization (REMPI) studies

of small molecules of fundamental interest. Among these were the first REMPI

studies of the closed-shell diatomic molecules H2 , N2 , and CO with

photoelectron energy analysis. It has been our philosophy to focus attention

on single color and mnlticolor, iultiphoton processes in a atom and diatomic

molecules (e.g., C, Xe, H2, N2, 02, and CO). These molecules, particularly H2

and N2, present a difficult experimental challenge owing to their large

-* -*' - 5. - S.- -U ~ .*U**C.&:*.
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ionization potentials; however, we felt that they were the best systems with

which to begin establishing a basic understanding of REMPI processes in

molecules, since they are the most amenable to theoretical interpretation.

.,' During the most recent contract period, single and multicolor REMPI

experiments have been performed on H2 , N2 , 02, Xe2 and atomic C using both

mass spectrometry (MS) and photoelectron spectrometry (PES) to analyze the

products of the Ionization. Some of the highlights of these studies are

described below.

In a REMPI/PES study of H2 via the intermediate C 1R resonant state, two

issues were addressed. First, to what degree can vibrational state selected

ions be prepared by photolonization of a Rydberg state. Second, what can be

F learned about the more subtle dynamical effects in excited state

photolonization from a comparison of the observed vibrational branching ratios

with accurate Franck-Condon factors. Photoelectron spectra were obtained at

the wavelengths of the three photon Q(l) transitions of the C la 4 , v1=0- 4 *

Xlt " bands; Ht. ionweefrdinteX2, v+ levels. The mos t92 s

- striking aspect of the photoelectron spectra is the dominance of the

photoelectron peak corresponding to the v+(X 2 E+) - v'(C 111u) transition,
g

indicating that the Rydberg electron is ionized while the vibrational state of

the Ionic core remains largely undisturbed. In addition, the weaker peaks

with the greatest intensity are those adjacent to the v+-v1 peak. This agrees

with expectations based on Franck-Condon factor calculations. However, while

the qualitative agreement with the calculations is very good, the quantitative

agreement Is poor. For example, in the spectrum obtained via the C 11L4, v'-1 4

level, the relative intensities of the v+-3, 5, and 6 peaks are too large by

factors of 3, 2, and 23, respectively, and the intensity of the v+-4 peak

acounts for only 43% of the total, rather than the predicted 90Z. The most

likely causes of such deviations are: (1) a kinetic energy dependence of the

electronic transition matrix element, which swat be taken Into consideration

even within the Franck-Condon approximation; (2) an R-dependence of the same

electronic transition matrix element, which, by definition, constitutes a

breakdown of the Franck-Condon approximation; and (3) a v+-dependence of the

photoelectron angular distribution. The data represent a well defined case

for further experimental and theoretical investigations of these excited state

dynamics. We are planning to study both the angular distributions of the

Aa

'5",
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photoelectrons and the wavelength dependence of the vibrational branching

ratios in order to determine which of the above effects is of major

importance.

In another study, we sought a target molecule in which the first excited

state of the ion could be accessed in the ionization step of the REMPI

process, in order to study electronic as well as vibrational and rotational

branching ratios. In addition, it was desirable that the neutral excited

states of such a molecule show much greater configuration mixing than the

excited states of H2, since it is of interest to determine the effects of such

interactions on the photolonization dynamics of excited states. We chose N2

for this study, since its neutral excited states have been very well

characterized both experimentally and theoretically. Photoelectron spectra

were obtained by single-color REMPI via the interacting b 1ITu , c I1 u , and

0 1-u states. These three Interacting 1Au states have very different electron

configurations. The c 1lu  state is a Rydberg state with the electron

configuration ...(lWu)4(3-g)l 3pwu that converges to the X 2E+ ground state of

the ion; the o I u state is a Iydberg state with the electron configuration

...(lu)3(3og)2 3so- that converges to the A 21u excited state of the ion; and

the b I state is a combination of the electron configurations

9..(2%u) 2 (I1u) 3 (30g)'(lwg) 2 and ... (2au)l(lvu) 4 (3og) 2 (lwg)l. both of which

differ from the X 2E. and A 2u states of N+ by two orbitals. Hence, it is

possible to study photoionization from Rydberg states (including core-excited

Iydberg states), valence states, and certain perturbed levels that are complex

mixtures of these.

We found that the dominant ionization pathway for the multiphoton

Ionization of N2 via the o 1Iu  v'-l, 2 levels (which are relatively

unperturbed) leads to the production of A 2 u, v+-l, 2, respectively. Hence,

the ionizing transition strongly favors the removal of the outer 3 0g

electron, preserving both the electronic and vibrational levels of the ion

core. This is the first experimental evidence in a molecular system showing

the degree to which the electronic ezcitation of the ion core is retained

following photoLonization of a Rydberg state. Similar effects have been

observed In the photoionization of the rare gas atoms (i.e., in all of the

observed transitions, the spin-orbit state of the ion core was preserved), but

have never been demonstrated for molecules.

% -. :1*~:% .*. .a. ~ ~ *'~% v' ~ * s~



... .TW W.' 6Wt :7: -7 Y.3 -C. -7.7- - C 7 .: 7 - 7 .. 7 -7 -

6

We also investigated photoionization from various vibrational levels of

the b ITu state, some of which strongly interact with the c I", v-0 level.

In cases of strong interaction, the photoelectron spectra resembled that

obtained by photoionization of the c 11u , v-0 level directly. Photoelectron

- spectra obtained by photoionization of vibrational levels of the b 1Hu state

that are not perturbed by the c 11Lu state show a broad distribution of

vibrational levels, in qualitative (although not quantitative) agreement with

the corresponding Franck-Condon factors.

In addition to these single-color REMPI studies of H2 and N2 , we have

performed a number of other single-color and imlticolor experiments on N2, 02,

and CO, which are as yet unpublished. For example, we have observed single,

double, and triple resonance REMPI processes in N2 via the long-lived a Inl
g

. state. The triple resonance experiments in N2 are pumped via the following

excitation sequence

Nd

.gerade" hv3  hv2  1 2hv 1
autoionizing +-- c E v-2 4--Z a U v-1 +--- X E ,v-0.

states u g g

These experiments allow us to probe the gerade manifold of autoionizing

Rydberg states. No information currently exists for these levels, since they

are dipole-forbidden in single photon excitation from the X 1tZ ground

state. Therefore, these experiments will provide new data on excited states
of N2 and on discrete-continuum interactions.

Finally, we have recently completed a study of the angular distributions

of photoelectrons ejected following photolonization of the IS0 and 
3D2 excited

states of atomic carbon. The carbon atom were produced via laser

photodissociation of CC1 4 . This atom was chosen for study because of its

importance as a prototype open-shell first row atom and because the

experimental results are smenable to theoretial interpretation.

4..'.' In addition to thes experimental studies, we are also in the process of

developing a new generation of mess and electron energy analyzers, which are

designed specifically for use with pulsed lasers and which are optimized for

collection efficiency, resolution, and versatility. Specifically, we are

constructing three new Instruments., The first is a "magnetic botle" electron

.* %*. *% 9. • " ' .*% . -. %% " , * * ,,- -. %
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spectrometer, which combines high resolution with very high col*ction
efficiency. The second is a 10.2 cm mean radius hemispherical e~ectron

spectrometer, which will incorporate an optically-coupled area detector to

enable the measurement of 1024 energy channels simultaneously. This is also a

high resolution, high collection efficiency instrument; however, unlike the

magnetic bottle, it will be capable of measuring photoelectron angular

distributions in a straightforward, reliable manner. The third instrument

*'." under construction is a time-of-flight mass spectrometer designed for maximum

versatility and ruggedness. The major improvement over the existing time-of-

- flight mass spectrometer is the separation of the ionization and detection

regions into individually pumped vacuum chambers, thereby allowing the use of

corrosive gases and/or high pressures In the ionization region. These

instruments are expected to be operational in 1985 and the early part of 1986.<'

IV. PUBLICATIONS

The papers, abstracts of conference presentations, and invited talks

prepared as part of this ONR program are listed on the following pages. New

items during the current reporting period are papers 13-19, abstracts 12-16,

and Invited talks 17-31. In addition, papers 9-12 were submitted earlier, but

were published during the last year.

--. '
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