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This report contains the extended abstracts of the invited lectures presented
at the workshop on 'Femtosecond Infrared Multiphoton Dissociation’, held at the
Max-Planck-Institut fir Quantenoptik, July 5-7, 1993. The organizers express
their deep gratitude to all authors for their cooperation. We hope that the material
included here can reflect the stimulating atmosphere created by all participants
during the workshop. Certainly the topics of this discussion mark the directions
in which future progress in the field of laser chemistry is to be expected taking

into account the novel excitation schemes by ultrashort laser pulses.

Garching, July 1993 Karl Ludwig Kompa
Raphael D Levine
Frank Rebentrost
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A New Look at Laser Chemistry

Can lasers control the onset to chaos in energized molecules? Will - at long last -
the hopes of physical chemists to use lasers not only to analyze, but also to modify chem-
ical reaction pathways come true? What is the correlation between IVR (Intramolecular
Vibrational Relaxation) and chaos in molecules? Are the new fs lasers, now available,
capable of opening the route to a detailed understanding of these phenomena? What is the
status of theoretical concepts? These and other questions were discussed in the present

workshop on "fs infrared multiphoton excitation of molecules".



Chemistry in its most general definition is the science that deals with the different
types of materials conversion and consequently bears responsibility for the careful use of
the material (including energy) resources available to mankind. The sequential steps of
materials conversion on our planet may briefly be characterized as follows. Light energy
from the sun maintains the temperature of the earth’s surface and the atmosphere at a
level suitable for biological life. In addition, a (very small) fraction of this energy ends up
in organic material production through photosynthesis (2.5 - 107°% of the total incoming
radiation). This is practically the basis of human life. There is thus a sequence of
energy/entropy conversions that takes sunlight (high energy, low entropy) through some
intermediate stages (and that is the realm of chemistry) terminating in heat (low energy,
high entropy) being given off to outer space. And it is striking that the limitations to most
materials and energy consumption and its obvious needs for efficiency maximization are
not always recognized. (E.g., we burn annually an amount of organic material in the form
of fossil fuels corresponding to 100,000 years of past production). Indeed, the need for
better and more sophisticated dealing with our natural resources is obvious. Chemists in
this respect share a great responsibility to respond to important social as well as scientific
challenges. Obviously, biological evolution provides models for many interesting energy
conversion concepts. Nevertheless, there are other approaches in this area worth noting
too. Among them lasers and their spectroscopic applications provide perhaps the most
powerful techniques for the study of efficient energy uses in chemical transformations
[1,2]. Chemists have long used energy to drive chemical reactions. The celebrated Arrhe-
nius Rate Law [3] which defines the change in the rate of a chemical reaction when the
temperature is changed is just past its centenial. Yet, chemists use energy in the form of
heat and when finer control is needed they traditionally seek it in other ways, most
notably changing the solvent in which the reaction takes place or in other aspects of the
environment. Much of it is based on experience, chemical intuition, etc. Heat is a high
entropy, but readily available, source of energy. Could one not use instead the (very) low
entropy laser field to both provide the energy necessary to overcome the barrier to reac-

tion and to provide the required control? [4].

Interestingly enough, the scientific verdict is by no means clear-cut, as reflected in
repeated discussions [5] of this topic. Depending on the nature of the reaction, there can
be questions of both principle and practice. The conceptual situation is simpler for, so

called, ’direct reactions’ [6,7]; reactions in which the breaking of the old bond and the



forming of the new bond proceed in a concerted fashion and hence occur over times of
the duration of a vibrational period (10 — 10 fs, 1fs = 107'5s). The experimental and the-
oretical verdict is here quite clear [6,7]: By selectively exciting certain degrees of free-
dom of the reactants - those which depend on the nature of the intermolecular forces dur-
ing the reaction and specifically on the location of the barrier enroute from reactants to
products - it is possible to enhance the reaction rate above and beyond what can be
achieved with the same amount of energy when used as heat. The other side of this coin
is also very well documented. Chemical reactions can release energy in a quite specific

manner and this indeed forms the basis for chemical laser action [1,7,8].

While chemical lasers have long been realized in the laboratory, the practical
aspects of the selective energy requirements of direct chemical reactions are not yet with
us. The practical problem - and one which will face us much more seriously later on - is
that of maintaining the selectivity of the initial excitation. Molecules are continuously
perturbed by their environment and the direction of increasing entropy is that of redistri-
bution of the initially selective excitation. By the time the initially selectively excited
reagent meets its intended partner much of the energy is already degraded into heat. Why
does the same degradation not affect the specific energy release used for chemical laser
action? Well, it does. Except that in chemical lasers we can harvest the selectivity - using
the phenomena of stimulated emission - prior to its degradation. We yet to learn how to
do this in the opposite direction - that of selectively pumping the molecules. Seemingly,
the solution is rather obvious: Excite the reagents just as they are about to approach. This
scheme, which has several other attractive features, has not really been recognized despite

valiant attempts [9].

Issues of both principle and practice arise for the other main class of chemical reac-
tions - that of unimolecular processes leading to isomerization and/or dissociation. Unlike
the case of direct reactions, here the stage of formation of the energy rich intermediate is
distinct and separated in time from its eventual evolution to products. This class of reac-
tions is of central interest both because it is typical for polyatomic reactants and because
it is particularly suitable for photoselective excitation. The point being that one need not
form the energy-rich intermediate by the collision of two smaller reactants, a process
known as chemical activation. Using laser multi ir photon pumping [1,7,10] one can start

with an energy-poor and hence stable compound and up-pump it to the desired energy.



Chemical activation experiments carried out in the 60’s and the ir multiphoton dis-
sociation experiments of the 70’s have satisfied the practitioners that one cannot use
energy to selectively drive unimolecular reactions, [11]. The argument in essence being
that any localized excitation will dissipate over the entire molecule in a time interval short
compared to the time scale of the chemical change of interest. This is a microscopic,
intramolecular, analogue of the macroscopic intermolecular energy redistribution which
we have already mentioned as the scrounge of selective excitation in direct reactions and
is known as IVR for Intramolecular Vibrational energy Redistribution. The search for
selectivity in unimolecular reactions has taken place at the same period when the mathe-
matical ideas about chaotic behavior in mechanical systems were being assimilated in the
natural sciences, [12]. The atmosphere was just right for the conclusion that chaos rules
out selective processes in unimolecular reactions. Certainly, the experimental evidence

was overwhelmingly in favor of this.

Over the years there have been those of us who refused to give up. Chaos, we point
out, is a long time phenomenon. In any case, chaos in the multi degrees of freedom sys-
tems typical of chemical reactions is quite different than chaos in the idealized two
degrees of freedom models which are the simplest to study theoretically. In real systems
the energy redistribution will occur in a sequential fashion with different stages occurring
on different time scales. In quantum mechanics (which, because of the time-energy uncer-
tainty relation is a finite time theory) different initial states will evolve differently, etc. We
received much solace from the clear-cut observations of selectivity in such systems - most
notably van der Waals compounds - which contain chemical bonds of rather different
strengths and hence rather different time scales. What was missing however is the right
tool. Are the new fs lasers going to provide what we need? For three days in July 1993
some two dozen of us discussed this question at a workshop organized at the Max-Planck
Institute for Quantum Optics. Our conclusions were at best tentative and cautious but

optimistic. Firstly, however, what are these new fs lasers?

fs-Lasers up to about 1987 relied on dye laser technology. They still do, but in
addition, new solid-state lasers have entered the arena: Those are using laser materials
consisting of paramagnetic transition metal ions in suitable host materials. Often these
ions contain just one electron in the d-shell (e.g., Ti>*) or correspondingly a hole (e.g.,

Cu®") interacting with the host lattice to be broadened and be tunable just in the same



way dye laser transitions are broadened. In a rare case even a single 4f-electron is respon-
sible for laser action (Ce**), here being subject to particularly strong interaction with the
crystal field. This (homogeneous) broadening provides the basis for short pulse genera-
tion and amplification. The rest is technology: Find the right combination of absorption
bandwidth, stable host material, emission-bandwidth/tunability and lifetime (energy stor-
age). No ultimately optimal combination has been found as yet, but Ti:Sapphire at the
moment seems to be the best choice and is thus considered to be the work-horse of fs-
physics. Its characteristics provide for short pulse operation (< 80 fs, even in oscillator-
amplifier configurations) with tunability from roughly 700 - 1100 nm and either high rep-
rate (80 MHz) or high single-pulse energy (1 mJ). All these data refer to laboratory sys-
tems; for special purposes however, both other performance data and other amplifier
materials have been demonstrated (e.g., C — A transitions in excimer materials or color
center lasers). It should be noted that besides the scientific applications outlined here, fs
lasers may in a very general sense open new areas of physics studies as they provide the
most precise, time- and energy-resolved interaction of energy with matter known at all

(Fig. 1).

Is this now the definitive approach to mode-specific chemistry? Is pumping and
probing with fs-resolution (assuming that the laser fluence as well as frequency (and
phase?) characteristics and the pump rates will be sufficient) really accessing the time
domain where energy redistribution unwanted modes (IVR) is at least partially frozen,
where the molecular motion is modified by the laser field (not ignoring the fact that the
laser has to be tailored accordingly)? This is indeed the hope of those believe in the mar-
riage of laser physics with chemical dynamics. In the specific application of the new fs
lasers which operate in the infrared and hence can be used for multiphoton excitation the
aim is to induce large amplitude nuclear motion in order to transform molecules from

reagents into products.

We report on the discussion by dividing the topic into three parts: Pumping, Con-
cepts and Probing with pure theory being sandwiched between the operational considera-

tions.

Pumping has to take into consideration that the currently available fs lasers operate
at the near infrared that is, above the fundamental vibrational frequencies. The obvious

solution is to pump directly an overtone transition. There is an equally obvious drawback




































































































































































































































