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INTRODUCTION •

The recent invention and development o.f the pulsed, high-
j r powered, tunable dye laser is allowing physicists and chemists to

uncover many new nonlinear optical effects which occur when intense
electromagnetic radiation interacts with matter. The extreme
intensity of such light sources allows one to study a multitude of
multiphoton phenomena. Furthermore, since the source is tunable,
very high densities of excited state target species can be produced
leading to collective excitation phenomena. For example, so-called
"energy pooling"1 and "hybrid resonance"2 effects have been observed
in alkali excitation studies. It is even possible to perform experi-
ments in which the laser field alters a chemical reaction or makes
the reaction energetically possible. Many recent studies have shown
that intense photon fields which are nonresonant with either of the
separated collision partners can induce energy transfer,3>" colli-
sional ionization,5'6 and charge transfer.7 These studies fall
under the general heading of "Collisions in the Field of a Laser"
and are in the early stages of development. There are some recent
experiments which provide exciting possibilities that one can even
study the fleeting transition state of a chemical reaction in
absorption8 or emission.9

Our group at Oak Ridge National Laboratory (ORNL) has studied
resonantly enhanced multiphoton ionization (MPI) of alkali atoms,
rare gases, and small molecules using tightly focused dye laser
beams (power densities of 109 to 1011 W/cm2). In the case of alkali
atoms, some ionization signals appear as a result of gas density
effects (dimers or quasi-collisions) as previously discovered by
Collins and his collaborators. These have been termed "hybrid-



resonances." By contrast, in the case of the rare gases, certain
resonance ionization signals disappear with increasing gas density.
The disappearance of the ionization signals in the rare gases is
due to the interference of excitation of thethird-harmonic and
fundamental laser beam. At low pressure (10~7 to 10"5 torr) we
have studied (1) mass spectra, (2) kinetic energy released in ionic
fragmentation, and (3) photoelectron kinetic energy spectra using
time-of-flight mass analysis and a 160° spherical sector electro-
static energy analyzer. These experiments, combined with two-color
dye laser experiments, can often offer an unambiguous and detailed
description of the MPI and subsequent fragmentation events. The
major part of this talk will be devoted to the production and the
use of vacuum ultraviolet (VUV) light from third-harmonic generation
(THG) in the rare gases.

THIRD HARMONIC GENERATION

Harmonic up-conversion of laser frequencies has been an active
area of physics since the development of high power lasers.
Frequency conversion via second harmonic generation was observed in
quartz by Franken et al.10 in 1961. Third harmonic generation was
first studied in the rare gases by Ward and New11 in 1969. The
current record12 for frequency up-conversion is held by seventh
order harmonic generation in helium to produce light of 38.0 nm.
Various nonlinear optical techniques collectively referred to as
n-wave mixing have allowed frequency conversion of visible lasers
to regions from the far infrared to the VUV. The review by Shen13

is a good introduction to nonlinear optics.

In the next three paragraphs we will discuss some interesting
interference effects near three photon resonances which strongly
affect MPI and THG.

Aron and Johnson11* reported the first resonantly enhanced MPI
spectrum of xenon at pressures ranging from 1 to 100 torr. They
noted the complete absence of any ionization signal when tuning
through the 6s[3/2]°,J=l three-photon-allowed intermediate state.
At low pressure (10~6 torr), we found that MPI through the 6s state
was very intense and dominated the spectrum.15 In later publica-
tions,16'17 we further showed that for a laser beam focused by a
3.8 cm lens to a power density of ^5 x io9 W/cm2, the ionization
signal produced via the 6s state rapidly disappeared at pressures
above ^0.3 torr. Third-harmonic light generated in the direction
of the pump beam was detected as the ionization disappeared. The
excitation lineshape of both the MPI and THG signals were similar
and were found to shift and broaden asymmetrically to shorter
wavelength as the pressure was increased. Although the intensities
of the ionization and third-harmonic light are entirely relative,
the dramatic decrease of ionization with increase in THG suggested



that the two processes were interfering or in "competition." The
THG light is expected in any negatively dispersing medium and the
excitation lineshape is expected to shift to shorter wavelengths as
the pressure increases due to phase matching considerations. For
wavelengths far off resonance, the normal theory for THG involving
the nonlinear susceptibility (X3) applies. However, the quenching
of the MPI signal was not easily rationalized in terms of previous
understanding of such phenomena. In recent theoretical studies of
these results, Payne et al. 1 8' 1 9 found it necessary to include
terms involving the coherent, collective excitation of xenon atoms.
Their model shows that at resonance a cancellation exists between
the amplitude for exciting the 6s "level by three photons from the
laser beam and with one VUV photon produced by THG. In other
words, the one-photon Rabi frequency and the three-photon Rabi
frequency are equal but 180° out of phase at resonance.

By copropagating a second tunable dye laser beam with the more
intense exciting laser beam it is possible to change the cancellation
effect between the third harmonic field and the fundamental laser
field. Figure 1 shows the results of a two-laser experiment where
laser one is tuned into three-photon resonance with the 6s level
and the second laser is tuned to a particular 6s -»• 7p level which
can be easily saturated. It can be seen that the addition of laser
two, at pressures where the laser one signal at the 6s is just
barely observable, results in the restoration of a strong, sharp
signal exactly at the resonance position. Furthermore, as the
pressure is increased the two-laser MPI signal decreases and again
disappears. Clearly, the addition of laser two has changed the
competition between excitation from three laser photons and third
harmonic photons so that the resonant MPI is easily observable.

Finally, very recent experiments by Glownia and Sander20

provide additional evidence for the effect-of third-harmonic field
on MPI. These authors directed countarpropagating beams of circularly
polarized light into a cell. Under these conditions MPI, resonant
with the 6s and 6s1, is possible using photons from both baams but
THG cannot occur due to phase matching considerations. In the
absence of THG, the 6s MPI spectra are strong, sharp, and unshifted
at all pressures. Analogous experiments-in unfocused beams, with
linearly polarized light, have been carried out by the Oak Ridge
group revealing additional features of the cooperative phenomenon.21

VACUUM ULTRAVIOLET SPECTROSCOPY USING THIRD HARMONIC GENERATION

In contrast to the many studies involving generation of THG,
there have been only a few involving the use of tunable VUV as a
spectroscopic tool. Wallenstein et al.22 have traced the Lyman-ot
absorption of H and D atoms and a fluorescence excitation band of
CO using THG in krypton and argon generated with a NdrYag pumped
dye laser system. Egger et al.23 and Rothschild et al. >25 in
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Fig. 1. Results of a two-color MPI experiment where laser two
is set at the 6s[3/2]° -»• 7p[3/2]2 transition and laser one is scanned
in the region of the 6s[3/2]° as a function of pressure.
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Fig. 2. Schematic diagram of the apparatus used to measure the
MPI spectra and the THG VUV radiation. OPI refers to one-photon-
ionization and MPI refers to multiphoton ionization.



an elegant series of experiments have performed very high resolution
studies of H2 and D2 Rydberg states in the XUV near 33 nm. These
experiments used xenon to triple the frequency of a high resolution
KrF laser system. Zacharias et al. 2 6' 2 7 have studied resonant two-
photon ionization of H and D atoms and of CO in a mass spectrometer
where the VUV photon was produced by THG in krypton using a Nd:Yag
pumped dye laser. The ionizing photon was one of the harmonics of
the pump laser. Finally, the THG process itself depends on resonances
in molecules and may be used as a spectroscopic probe of energy
levels. Such studies have been performed for NO,28'29 CO,30 and
r H 2 8

The third-harmonic light generated in the rare gases is suffi-
ciently intense to be useful in spectroscopic studies of gaseous
species in the near ultraviolet region (100-200 nm). In a recent
publication31 we presented results of a cell experiment on VUV
absorption and ionization for CO, NO, C6H6 and other molecular
species. Figure 2 shows the simple three cell apparatus used in
these experiments.

In this talk we will present some new results on one-photon
photoionization spectra of molecular beams. Photoelectron spectra
and mass fragmentation spectra will be reported.
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