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Abstract

Femtosecond Transition-State Spectroscopy (FTS) is a time-resolved spectroscopic
technique by which the real time dynamics of the transition state of a chemical reaction can
be studied with femtosecond resolution. This technique has been applied to study a
number of chemical reactions. This thesis presents one such system, the photodissociation

of alkali halides, and that of Nal in particular.

Upon excitation to the covalent state, the alkali halide molecule will encounter a
curve crossing during its way to dissociation. This curve-crossing phenomenon manifests
itself in the dynamics of the photodissociation process. Experimentally, wave-packet
trapping and leaking that are due to the curve crossing are observed. Taking full advantage
of the femtosecond resolution offered by the FTS technique, the wave-packet dephasing
dynamics is separated from the population decay. The Landau-Zener coupling-matrix
element is also obtained from the time-resolved data, which is in close agreement with
previous literature values. Furthermore, the combination of the temporal resolution and the
spectral resolution of the FTS methodology allows the wave-packet motion to be monitored
at a specific internuclear separation, which covers a wide range of distances. This feature
of the FTS technique makes the mapping of reaction trajectories possible. A classical
mechanics-based inversion procedure is then developed to obtain the relevant potential-
energy curves involved in the photodissociation reaction from the results of such trajectory
mapping experiments. The potentials inverted this way are tested by quantum dynamical
simulation and compared with those obtained by other workers from different techniques.
The long-time behavior of the wave-packet motion after many oscillations is also

discussed.
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Chapter 1

Introduction



One of the primary goals of modern chemical dynamics is to understand the
behavior of chemical reactions at a molecular level.l Historically, major breakthroughs in
this field have been marked by the introduction and combination of sophisticated
experimental and theoretical tools originally developed in other fields. For example, two
experimental techniques, molecular beams and lasers, were invented by physicists with no
particular chemical applications in mind; however, they revolutionized the study of

chemical reaction dynamics.

Molecular beams and crossed-molecular beams were first employed by practicing
chemical dynamists in the late 1950's and early 1960's, even though these techniques had
been around since the early part of this century. The pioneering work of Herschbach? and
his contemporaries in molecular-beam chemistry made feasible the observation of chemical
reactions under single-collision conditions. This was accomplished by crossing two
collisionless beams of reactants so that the only possible collisions would occur between
reactant molecules from different beams. The initial conditions of the molecules were
controlled by spatial collimation and velocity selection. The post-collision observables
were kinetic energies and angular distributions of the scattered molecules, which might be
the unreacted molecules or the collision-induced reaction products. These measurements
provided valuable information about the energetics and critical geometries of the transition
states that led to the chemical reaction. The contributions of molecular-beam chemistry have

been reviewed by some of the principal participants.?-4

In contrast, lasers, as intense, monochromatic, and coherent light sources, took
much less time to find widespread applications in molecular spectroscopy and chemical
kinetics studies. The technique of photofragment spectroscopy,-’ developed in the early
1970's, is a variation of the crossed-molecular beam experiment in which one molecular

beam is replaced by a laser beam. The purpose of this photon beam is to initiate a



dissociation reaction by promoting the reactant molecules to an energized, unstable state,
which will eventually fragment. Since this process starts from the transition state, it is also
called a "half-collision," as opposed to the "full-collision" processes studied by crossed-
molecular beams. The kinetic energy and angular distributions of the photofragments may
be measured in similar fashion as in the true, crossed-molecular-beam experiments, or
more commonly, may be probed by another laser beam. The latter version of the

photofragment spectroséopy 1s often referred to as the pump-probe method.

For both the crossed—molecular beam method and the pump-probe
photofragmentation technique with nanosecond laser pulses, only the post-collision
observables can be measured, with a few notable exceptions.s'lo Some important aspects
of the transition states can therefore be inferred only indirectly from such measurements.
For example, the lifetime of the transition states is estimated by the anisotropy of the final-
product angular distribution and the rotational period of the collision complex. The
difficulty in directly measuring the lifetimes lies in the fact that these transition states are
very short-lived. Consider a diatomic molecule with a reduced mass of 40 a.m.u. and a
bond length of 2 A; if 1 eV of recoil energy (i.e., 1 eV above the dissociation limit) is
deposited by a laser pulse, the terminal velocity of the two atoms flying apart will be 2.2
kmy/s, or 0.022 A/fs (1 fs =1 x 10-15 5). If we define that a chemical bond is broken when
it is stretched out to twice the initial separation, the time it takes to break the afore-
mentioned bond with 1 eV of excess energy will be approximately 90 fs. Therefore, in
order to observe such a simple bond-breaking process directly in the time domain, the time
resolution required is 90 fs or better. These ultrashort laser pulses were made available in
the early 1980's by a research team led by C. V. Shank at Bell Laboratories via the now
common ring-cavity colliding-pulse mode-locking technique (i.e., CPM), which is capable

of producing 60 fs laser pulses with a wide tuning range.1!

Zewail and his colleagues at the California Institute of Technology have pioneered
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the application of ultrashort laser techniques to study chemical reaction dynamics.!? Even
before the construction of the Femtosecond Laser Facility at Caltech, Scherer, Knee,
Smith, and Zewail employed a subpicosecond (0.35 to 0.4 ps) laser source to explore the
dissociation dynamics of ICN — I + CN; the conclusion these workers reached was that
the time resolution provided by the subpicosecond laser pulses was still not adequate to
resolve the ultrafast dynamics and to observe the transition state directly.13 In 1987, after
the completion of a CPM-based femtosecond laser system, Dantus, Rosker, and Zewail
published the first direct observation of transition states of the ICN photodissociation
reaction.14 Subsequently, many other reaction systems have been studied by this
femtosecond transition-state spectroscopy (FTS) technique,15'20 including the subject of
this thesis, the predissociation of Nal.18 A major effort currently under way in this
laboratory is to extend the FTS technique to femtosecond transition-state diffraction

(FTD).2! The goal of FID is to measure the structural changes of a molecule in a transition

state by measuring the electron-diffraction patterns with femtosecond resolution.

The concept of FTS is a simple one (see Figure 1.1). At time zero (defined as the
temporal center of the pump pulse), a coherent wave packet is prepared on the excited
potential-energy surface (PES) V, from ground state V» with its center I, close to the
equilibrium bond length. This wave packet will then evolve under the influence of the
excited PES. For the simplified case sketched in Figure 1.1, the wave packet will
propagate toward longer internuclear separation. After a certain time delay 7, the system is
irradiated by another femtosecond puise, the probe pulse. The photons in the probe pulse
will be absorbed only if the center of the wave packet r(t) is at such a configuration that the
energy of the photons matches the difference between V, and a higher excited state V,. The
FTS signal will then be some measure of the absorption of the probe pulse by the
molecules while they are falling apart, as a function of both the delay time t and the probe

wavelength A. This could be accomplished by measuring the change in the transmission of



the probe. However, such a measurement will not be background-free. The detection of
laser-induced fluorescence (LIF) or multiphoton ionization (MPI) caused by the probe

pulse would be much better choices.

When the probe wavelength is tuned to match the asymptotic difference between
V,and V, (hcf)\; ), the observed FTS signal, produced by LIF from V,, will reflect the

build-up of the free fragment. This kind of experiment is called a "clocking" experiment,

since it directly measures the time required to break the chemical bond. When the probe

oo *
wavelength is detuned from 7\2 to 7»2, the free fragments will no longer be able to absorb

the probe photon; instead, the molecules in the transition state may do so. The FTS
transient will then be expected to build up, as the molecules enter the "window" opened by
the probe photon, and subsequently to decay, as the molecules leave the probe window and
move on to become free fragments. By constructing a two-dimensional data base, with one
dimension being the delay time, and the other one being the wavelength of the probe
photon, information about the shape of the PES can be obtained, as has been demonstrated
for the case of ICN.1>16 Tt is interesting to note that the capability of observing the
transition state of FTS relies on two factors: One is obviously the time resolution offered by
the femtosecond pump and probe pulses; the less obvious factor is the spectral resolution of
the probe pulse that enables the detection of the transition state at a particular configuration.
If the probe pulse is an infinitely short  pulse, then all the spectral resolution is lost; thus,
no matter what the delay time is, the molecule will be able to absorb the probe photon, so

much of the temporal resolution is lost.

Since the first publication of FTS in 1987, a number of systems have been studied

by this technique, including ICN, Nal, Hgl,, I, and Bi,. Interested readers should

15-20

consult a continuing series of papers published by Zewail and his coworkers,
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(subtitled FTS I through VI thus far). The Ph.D. thesis by Dantus is also an excellent
source to find much of ground work about FTS, especially the experimental apparatus

employed in these experiments. 12

The focus of this thesis is on the photodissociation dynamics of alkali halides.
Among all of the reaction systems studied so far by the FTS technique, alkali halides
present a particularly interesting and rewarding case. As these heteronuclear diatomics are
the simplest systems for studying the nonadiabatic charge-transfer processes, they have
attracted many researchers since the early part of this century. Thus, there exists a wealth
of literature describing both the spectroscopy and dynamics of alkali halides that provides a
reference frame against which the achievements of the current time resolved work can be
measured. Chapter 2 of this thesis reviews the spectroscopy and dynamics of alkali
halides, as well as presents the theoretical framework needed in subsequent chapters for
understanding the curve-crossing phenomenon in alkali halides. Chapter 3 describes the
experimental methodology of FTS as applied to the photodissociation of alkali halides and
some new developments in understanding the essential features of these FTS experiments.
In the following chapter, a new procedure is presented for inverting the FTS data to the
PES’s of the dissociation reaction; these PES’s are then employed in quantum dynamical
simulations of the FTS experiments to test the validity of the inversion method. In the
final chapter, the dynamics of the wave-packet evolution after many oscillations are
discussed, including a complete account of the experimental results and various theoretical
models that have been developed in an attempt to explain the somewhat unexpected

experimental findings.
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Figures

Captions:
Figure 1.1

The schematics of the femtosecond transition-state spectroscopy as applied to a set

of idealized PES's of a diatomic molecule. At time 7 =0, a femtosecond pump pulse

with a wavelength of ?\.1 prepares a coherent vibrational wave packet on the excited

state (Vl) from the ground state (VO), as indicated by the vertical transition to VI.

The average internuclear separation increases as the wave packet evolves on this
. ) * oo
repulsive potential. At = 7, another femtosecond pulse of wavelength My (orky)

promotes the somewhat dispersed wave packet from V, to a higher PES, V,. The

signal detected in FTS experiments originates from the fluorescence emitted from

this potential.
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Chapter 2

An Overview of Photodissociation of Alkali Halide Molecules
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I. Introduction: a Historical Perspective

The field of photodissociation of alkali halide molecules is almost as old as modern
physical chemistry. The first reported optical study of an alkali halide dates back to 1914,
when McLennan observed the emission spectrum of KI,1 just about the same time as
Bohr's old quantum theory was formulated.? In the late 1920’s, more v;/ork was reported
by various authors. Most of these studies utilized the atomic fluorescence technique to

determine the dissociation energies of alkali halides, e.g., Nal, Csl.

One particularly important contribution to the spectroscopy of alkali halides during
this period was the work by James Franck, on a series of alkali halides spectra at the
Zweites Physikalisches Institut at G'o'ttingen.3 Franck and co-workers were the first to
consider the possibility that the photodissociation of an alkali halide might leave the two
atoms in their ground states, and thereby established the absorption spectrum technique as a
viable way to deduct the dissociation energy of alkali halides. At the same time, they also
attracted attention to the curve-crossing problem in alkali halides, in which the energy of the
separated neutral atoms lies below that of the separated ionic pair, while at the equilibrium

configuration of their ground electronic states the order is reversed.

An interesting side note with some historical signifance is that Franck published a
paper in 1926 titled "Elementary Processes of Photochemical Reactions" in the
Transactions of the Faraday Society,4 in which he stated "We may assume that when light
is absorbed the nuclei can only alter their potential energy, as the raising of the electron
system to another quantum state alters the strength of the chemical binding of the
molecule.” This idea later came to be known as the Franck-Condon principle of vertical
transitions in molecular spectroscopy.5 One manifestation of the vertical transition
principle was presented in the experiments by Hogness and Franck on the

photodissociation of Nal.% They observed that the linewidth of Na D line emission was
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much broader than the Doppler linewidth dictated by the temperature, which implied that
the photodissociated products carried very high kinetic energies with them; when they
tuned the photodissociation UV light source to shorter wavelengths, the width became even
broader. As will be seen in later parts of this thesis, the same qualitative principle still
applies to the understanding of today's femtosecond time-resolved photodissociation

experiments.

In the early 1930’s, the studies of alkali halide spectroscopy were advanced to a
new level, as represented in the doctoral thesis of H. Levi.” In her thesis, an extensive
study of the fluctuation bands of several alkali halides was made by a combination of
absorption and emission spectra. Dissociation energies were determined fairly accurately
for a number of alkali halides, in good agreement with currently accepted values. This is
quite a remarkable feat, given the degree of sophistication of instruments in the 1930's.
Attempts were also made to invert the spectra to both the ground and excited electronic-state

potentials in Levi’s thesis.

Since then, the field has progressed steadily, with the advances in quantum
chemistry, the introduction of molecular beam techniques to chemistry, the invention of
lasers and the subsequent birth of the field of laser spectroscopy. As a matter of fact, alkali
halides played a crucial role in the "early alkali age" of molecular-beam chemistry.8 In the
1920's, Michael Polanyi showed that many alkali reactions proceed at rates corresponding
to "reaction at every collision" in a series of classic studies. This extraordinarily large
reaction probability was ascribed to a charge transfer mechanism, the "harpooning”
mechanism as called by M. Polanyi: When an alkali atom flies by another halogen-
containing molecule, the S electron in the outermost shell will jump over to the halogen
atom, and then with the aid of the Coulomb attraction, the alkali ion will pull the halogen
atom over from the negatively charged molecule to form an alkali halide molecule. Because

of the large reaction probability and the relative ease of detecting alkali halides and alkali
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atoms by surface ionization techniques, the M + RX — M*X" + R reactions, where M, R,
and X are alkali, alkyl, and halogen groups, respectively, were the first group of

elementary chemical reactions studied by crossed-molecular-beam techniques.

A comprehensive review of the optical spectroscopy of alkali halide molecules was
given by Berry,9 which covered all the major developments in this field through 1977.
Since 1978, the field of photodissociation of alkali halides has experienced such
tremendous progress that some long-standing questions have finally been answered.
Among the remarkable experiments done in the last decade, Tiemann and his co-workers
applied LIF techniques to obtain the partially bound state A 0" spectra of Nal and LiL;10
van Veen ef al. measured the relative ratio of the parallel vs. perpendicular transition
strength of several alkali halides in the near-ultraviolet region;11 J. C. Polanyi's group at
University of Toronto performed LIF experiments on KI and Nal and characterized a
previously unknown upper bound state.12 Most recently, the femtosecond transition state
spectroscopy techniques developed by Zewail and his coworkers have been applied to
examine the photodissociation processes in Nal.13 This study clearly demonstrates the
behavior of a wave packet propagating in a partially leaking potential well formed by the

avoided crossing of the attractive Coulombic curve and the repulsive covalent curve.

This chapter will focus on recent advances in the field of optical spectroscopy and
photodissociation reaction dynamics of alkali halides and will present a summary of the
current status. The remainder of this chapter is structured as follows: In part II, a brief
review of the origin of the curve-crossing problem is given; construction of the molecular
states from atomic bases and the curve-crossing mechanism will be discussed. In the
following section, a general quantum-mechanical treatment of the curve-crossing problem
is outlined. The representation theory, the Landau-Zener curve-crossing model,!*!” and
the semiclassical theory of curve crossing will also be discussed.!® In part IV, recent

spectroscopic results are presented and discussed in detail; special emphasis is put on the
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inversion of spectroscopic data to potential-energy curves, and comparison of potential

curves from different theories and experiments.
II. The Origin of the Curve-Crossing Problem in Alkali Halides

The alkali halide molecules provide the ideal testing case for understanding the
curve-crossing problem. The ionic ground states of these molecules are all X 1Z+,
because both the alkali and halogen ions are close-shelled, there is no electronic and spin
angular momentum. The dissociation limit corresponding to the metal ion and the halide
ion, M* (18) + X~ (1), differs in energy from that of the atoms MO (2§, n) + X9 (2P3p) by
the amount Q, which is equal to the difference between the ionization potential (IP) of the
metal M and the electron affinity (EA) of the halogen X; Q = IP(M) - EA(X) (see Table
2.1). Because all ionization potentials of alkali atoms are greater than any electron affinity
of a halogen atom, Q is always positive, and the dissociation limit of lowest energy is

always the atomic limit, for all alkali halides. (See Figure 2.1 for a typical potential

diagram of an alkali halide molecule.)

The combination of 25 and 2Py, gives rise to eight covalent molecular states;
ie,(2x1/2+1)x(2x3/2+1)=8, with the overall angular momentum quantum number
ranging from 2 to 0 and term symbols from A to Z. Compared with the strongly bound
ionic ground state, none of the covalent states is found to be bound; except for a shallow
van der Waals well, no potential wells deeper than a few hundred wavenumbers have been
observed for these states. Among all the covalent states, one must be a IZ+ (Hund’s case
(a) ) or a O+ state (Hund’s case (c)), which has the same symmetry as the ground ionic
state. Hence, all alkali halide molecules possess at least one crossing of the two states, the
ionic ground state and excited covalent state, which have the same symmetry (see Table 2.2

for the crossing distances). In fact, except for CsI, the M (ZS1 /2) and X (?'P1 /2) atomic

asymptotic limit is also lower than M and X7; thus, all alkali halides except CsI have at
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least two crossings with the ionic curve.

When an alkali halide molecule is promoted to the lowest covalent state by light ,
one might picture the subsequent behavior of the molecule as follows: Absorption of a
photon carried the system vertically from the ground state to the repulsive branch of the O+
state” and produced a change in the electronic wavefunction, which amounts to an electron
being transferred from the halogen atom to the metal atom along the internuclear axis. The
nuclei move apart across the relatively flat region of the potential curve toward the crossing
point Rx. Just as the crossing region is reached, the electronic wavefunction readjusts
itself, and an electron jumps back from the metal to the halogen to form an ionic pair.
Static electric force between the two oppositely charged ions pulls the nuclei back toward
each other. As the nuclei pass the crossing region again, the electron returns to the metal,
and the two particles, now neutral, come together once more. This picture holds under the
adiabatic hypothesis; that is to say, the electrons move fast enough compared to the heavy
nuclei to behave by themselves as a closed system with the internuclear distance as a
parameter. Thus, the electronic motion is separable from that of the nuclei and the
electronic charge cloud is described at any internuclear distance by an eigenfunction of the
electronic Hamiltonian. If the alkali halide molecules do satisfy this hypothesis in their first
covalent state 07, then this description must be correct for the motion of the electrons
during a single vibration. One may, however, question the validity of the hypothsis on the
following qualititive argument: Electronic velocities are roughly 18002, or about 40 times
faster than the nuclear velocities. Therefore, in the time that the nuclei move U.1 A, the

electrons can move about 4 A. Hence, if the crossing region occurs at a seperation of 10

" To simplify the discussion without losing generality, the upper state is assumed to be
described by Hund's case (c) coupling. If the upper state is Hund's case (a) coupled, the
0* state should be replaced by 1z*:
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A, andis 0.1 A wide, an electron cannot be expected to make a successful jump over 10 A
from one nucleus to the other; it simply does not have enough time. As a result, the
electronic charge cannot be described by the eigenfunctions of the electronic Hamiltonian
alone, and its motion cannot be separated from that of nuclei. Under this circumstance, the
Born-Oppenheimer approximation breaks down, and the alkali halide molecule behaves
diabatically.

From the above discussion, we can conclude that whether an alkali halide behaves
adiabatically or diabatically depends critically on the radial crossing distance, the width of
the coupling region, and the velocity of the nuclear motion at the crossing point. The
crossing distance and the coupling-region width are determined by the nature of the
electronic and nuclear wavefunctions involved, while the crossing velocity can be
controlled to some degree by changing the excitation wavelength. This point will be further
illustrated in later chapters on the FTS of alkali halides. If at the crossing point R the
internuclear separation is too large and the nuclei move too fast over a narrow coupling
region, the electron will not be able to jump over a long distance, so it will remain with one
nucleus. On the other hand, if the distance is not too great and the velocity of the nuclei not
too fast, then an electron transfer will occur at the crossing point; thus, the molecule
behaves in the adiabatic limit. Alkali halide molecules have a range of crossing distances
and coupling widths; thus, they provide various cases to study the curve-crossing
phenomenon, from the diabatic limit to the adiabatic limit. However, before we proceed to
discuss the spectroscopic manifestations of the curve crossing in alkali halides, we will first
consider a general quantum mechanical treatment of the curve-crossing problem in the next

section.
IIT. A Quantum Mechanical Treatment of the Curve-Crossing Problem

III.1  Formal Solution of the Coupling Problem
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In a molecular system with nuclear spin, spin-orbit and other relativistic terms

omitted, the total Hamiltonian can be expressed as follows:
H =TN(R) + Te(r) + V(r, R), 2.1)

where Tn(R) is the nuclear kinetic-energy operator while T(7) is the electronic kinetic-
energy operator. V(r, R) represents the Coulomb attraction and repulsion terms among all
the nuclei and electrons. Under normal conditions, since the electrons move so fast
compared to the heavy nuclei because of the huge mass difference, their motion is
practically decoupled from the nuclear motion (Born-Oppenheimer Approximation). On the
basis of this argument, we can define the electronic Hamiltonian as the full Hamiltonian

minus the nuclear kinetic-energy term:

Ho=H -TN(R) = Te(r) + V(r, R). (2.2)
Solving the Schoedinger equation for the electronic part only, we will have

Hey?(r.R) = VIR)Y(r.R), 2.3)

where the eigenvalue V(R) and eigenfunction Y(r, R) depend only parametrically on the

internuclear coordinate R. The nuclear part of the Schiddinger equation is
Hy = TN(R) + V(R), (2.4)

HNYN(R) = EYWV(R), (2.5)

where E is the total energy of the system. The overall wavefunction of the molecular
system can be expressed as a product of the electronic and nuclear eigenfunctions. The
above equations reflect that the electrons move in a closed system by themselves with the
internuclear distances as a set of parameters, or equivalently, the nuclei move in a potental

determined by the wavefunction of the electrons. If the electronic wavefunction supports a
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minimum in the potential, the nuclear motion will be quantized when the total energy of the
nuclear motion is less than the asymptotic value of the electronic potential and the discrete
states are the molecular vibrational states in that particular electronic state. If the electronic
wavefunction does not support a potential well, the nuclear wavefunctions will be unbound
and the energy spectrum of the nuclear motion will be continuous. In most cases, since the
electronic wavefunction only depends weakly on the internuclear separation, the first
derivative of the wavefunction relative to the intermuclear distance will be negligible, which
implying that the character of the electronic wavefunction does not vary much with the

internuclear distance. However, this ideal picture breaks down when two electronic

surfaces V; and V, with the same symmetry cross at certain point Rx. (see Figure 2.2). At

this point,
V1 (Rx) = V2 (Rx): (2.6)
) ]
<Y (rR JIH/Y5(rR )> =V ,(R ) #0. 2.7)
Equation (7) comes about because l//?l(r,Rc ) and l//;l( r,RC) have the same symmetry; thus,
the matrix element < l,l/;l(r,RC)/H/ l,tf;( r.R )>is non-vanishing. As a result, these two states

are coupled. The Hamiltonian for such a coupled two-state problem can be expressed as a

H, Hj,
H,, H,

In the diabatic representation, where the electronic wavefunctions are smooth functions

2 by 2 matrix:

of the nuclear separation R (i.e., Z—le is negligible.), the matrix is not diagonal. The two

states are coupled by the off-diagonal potential terms. In the adiabatic presentation, where

the electronic wavefunctions are eigenfunctions of the Hamiltonian, the matrix is diagonal;
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howeyver, the electronic wavefunctions are no longer smooth functions of R; they change

character drastically around R . As a result, these two states will be coupled by the nuclear

kinetic-energy operators. These two representations are equivalent and can be converted to

each other by a unitary transformation:
H 0 cos8 -sin@ Y H; Hpp Y cos@  sin6
= (2.8)
0 H_ sin@® cos@ \ Hy;, H, \ -sinf cos6
where tan2R) = ZVJZ(R)/(VZ(R) - V](R)). Similarly, the basis sets for these two

different representations: (y/;, y,) for the diabatic presentation and (y,, v ) for the

adiabatic presentation, are related by the following equation:
v, cosB sin@ v,
= 2.9
v -sin@ cos@ v,

It is quite instructive to inspect the qualitative behavior of the last equation. When R is at

the far left side of Rx and therefore V2 » VI, tan26(R) — + 0 and &R) = 0. Equation (9)

goes to:

G

When R is at the other side of Rx, tan26(R) — —0 and 6(R) = n/2. then we have:

9 Y

IfR = Rx, tan26(R) = = and &R) = n/4. the eigenstates are mixed equally:

\J|
(2.9
v,
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Although these two representations are theoretically equivalent, often one
presentation is the optimal choice for a particular problem at hand. For alkali halide
systems explored in this thesis, the diabatic representation is chosen because the coupling
term is explicitly expressed as the coupling between potentials. In the diabatic
representation, the transition probability from one diabatic surface to the other can be

written as follows, under perturbation approximation:

P (E) = <Y (rR )W RIHIE (r R )Wh >, 2.10)

where E is the total energy of the system. There are numerous ways to solve equation
(10). The semiclassical method of Landau'® and Zener!5 is considered in the next section,

followed by Child's semiclassical theory of predissociation. 18
III.2  The Landau-Zener Curve-Crossing Probability

In the early 1930's, Landaul4 and ZenerlS independently treated the curve-
crossing problem. The common assumption they made was that the coupling-matrix

element was a constant and that the difference between two diabatic curves is linear:

V=V, = Constant, (2.11)
V,(R)-V,(R) = -(F] - F2)(R-Rx), (2.12)

where F; and F), are the derivatives of V; and V,atR_, respectively. Landau applied a
time-independent method to solve this problem and obtained two expressions for the weak
coupling limit and the strong coupling limit, respectively. Zener employed a time-
dependf;nt perturbation theory and derived a general solution that would be valid at any

coupling strength and would also agree with Landau's expressions at two extreme cases:

P,= exp(—47r2V]22/hv/F1- o) (2.13)
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where P, is the probability for the system to make a transition from one adiabatic state to

the other or to remain on the same diabatic state. In both derivations semiclassical JWKB)
approximations were invoked for the wavefunctions. Derivation of Equation (2.13) is
mathematically not trivial. Fortunately, it can be found in a number of standard

textbooks.16:17 There are two parameters in (13) that are worth special attention. One is

the coupling matrix element: The bigger this matrix element is, the smaller P 1o Will be.
Therefore, V,, is a measure of the adiabacity of the system. The other important parameter

is the velocity v at the crossing point; P, increases as velocity v increases. This is

intuitively obvious because the faster the nuclei move, the more the system will behave
diabatically. If the nuclei move infinitely slowly, the electrons will always have enough

time to adjust themselves, so as to make the system behave adiabatically.

While velocity of the nuclei can be controlled by external excitation, the coupling
matrix element is intrinsic to the system; it is determined by the interaction between the two
diabatic electronic wavefunctions. Thus, the determination of the coupling-matrix elements
is of utrost importance to the understanding of the curve-crossing behavior of alkali
halides. Grice and Herschbach1? calculated the coupling matrix element for H, and a
number of alkali hydrides as well as alkali halides using an approximation method based on
asymptotic wavefunctions. Even though this method may be primitive compared to today's
sophisticated quantum chemical computational techniques developed for powerful
computers, the results of this simple calculation are quite accurate and have stood the test of
time over the last twenty years. In fact, the Grice-Herschbach coupling-matrix element for
Nal seems to be closer to experimentally determined values than the results from most
recent ab initio calculations for the same molecule.20 The reason for the remarkable
success of the simple approximation for alkali halides relied on the judicious choice of the
asymptotic wavefunctions and on the fact that the crossing distance in alkali halides is so

large that the asymptotic wavefunction is very close to the exact wavefunction.
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II.3  The Semiclassical Theory of Predissociation Caused by Curve-Crossing

In the late 1960's and early 1970's, Child and his co-workers developed a
semiclassical theory of predissociation caused by curve crossing with arbitrary coupling
strengths.18 The derivation was based on applying curve-crossing connection formulas to
JWKB wavefunctions (see Figure 2.3.). The goal of this theory was to calculate the
absorption spectral lineshape with a mixed representation: the adiabatic bound upper state
(V,) and the diabatic bound lower state (V,). The center of the spectral lineshape reflects
the shift from the adiabatic (or the diabatic) eigenstate, and the linewidth is directly related

to the lifetime of the predissociating level.

The main results can be summarized in the following equations,

2 (1+u) cos? 6 (2.14)

+7 o526y + 2u cos(0, - 62) cos8y cosOr + u2 cos?8,’ '
u=exp(2nv) -1, (2.15)
v =28V, 2/ hviF -F, (2.16)

where A 1s amplitude of the semiclassical wavefunction at the classical inner-turning

point. The quantity Ai represents the spectroscopic line shape, u is the coupling strength

andv is the Landau-Zener switching parameter. g . and g, are closely related to the

complete phase integrals for the upper adiabatic (V ,) and diabatic (V) curves, respectively.

They are
Or =04 + By + 2, (2.17)
& = o. + B, (2.18)

whereow and 3 are phase integrals evaluated on the upper and lower adiabatic curves:
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rx
ot = af k+(r)dr, (2.19a)
B+
Bs = rf ky(r)dr, (2.19b)
X

k is the momentum vector and y is a phase—correction factor caused by the avoided

crossing:

x=arg I'iv)—vinv+v+n/4. (2.20)

Approximate equations for the positions £’ and width I" of predissociating states
can be developed by noting that the denominator of Eq. (2.14) vanishes identically if by
chance at a single energy E, where it supports bound levels for both adiabatic upper state
and diabatic lower state. This condition gives rise to a sharp level at E’ as manifested by the

fact that Eq. (2.13) is reduced to a Lorentzian line shape

i{zh:ﬂ (E-E';/Zf 24 (2.21)
where
E' = (Ey + XE+)(1 + %), (2.22)
I =2mx(y + x)(E2 — Ex)2/hv(1+%)3 (2.23)
Y= 02/Vg, (2.24)
X =uy. (2.25)

An approximate and intuitive picture emerges from these equations. The diabatic
and adiabatic wells each support hypothetical bound levels characterized by vibrational

quantum number v, and v2 and the common rotational quantum number J. If the energies
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of these levels are plotted as a function of J(J+1), two series of approximately linear curves
result. The position and linewidth of a predissociating level depend on the two nearby
energies E7 and E ., the coupling parameter u, and the frequency ratio y. When the curves
for E7 and E 4 are close, meaning that the final energy level is bound in both wells, thus the
lineshape will be sharp; on the other hand, when they are farther apart, the resonance is
broad. This simple picture will prove to be very valuable in understanding the real time

dynamics of the photodissociation of Nal.
IV. Spectroscopy and Potential-Energy Curves of Alkali Halides
IV.1  Summary of Recent EXpen'mental Results

Recently, there have been a number of experiments that contributed a great deal
toward a better understanding of the electronic structure and photodissociation dynamics of
alkali halides. These works will be summarized in the following categories: molecular
beam scattering and chemi-ionization, chemiluminescence, photofragmentation, and laser

induced fluorescence (LIF).
Molecular-Beam Scattering and Chemi-ionization

In the late 1950's, molecular-beam scattering techniques were introduced for the
studies of elementary chemical reactions.® The essence of these kinds of experiments is to
prepare one (or both) of the reactants in a collision-free molecular beam, sending it through
a reaction vessel containing the other reactant (or crossing two reactant beams), and then to

detect the product angular distributions and deduce the differential-reaction cross sections.

In the early 1970’s, Delvigne and Los performed a series of experiments on alkali
halogen molecules or atoms with a combination of molecular-beam scattering and chemi-
ionization techniques.2! In particular, they measured the relative differential cross sections

for the collision process: Na + 1 — Na* + 1" at kinetic energies from 13 to 85 eV. Their
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measurements allowed estimations of the covalent potential parameters as well as the first
experimental measurement of the coupling-matrix element(~ 0.05 eV). In order to account
for the dicrepancy between experimental data and calculated values at large impact
parameters, they invoked a Landau-Zener-like "rotational coupling” mechanism; the
discrepancy could be partially removed. Limited by the experimental resolution ( about 0.5
eV ) and a distribution of the angular momentum quantum number (Q2 = Oi, 1,1, 2), the

potential parameters could not be determined very accurately.

Kinsey's group at MIT performed similar experiments on the elastic scattering of
potassium atoms by atomic iodine at thermal energies ( 0.08 - 0.20 eV ).222 Attempts were
made to synthesize the scattering data from assumed potential curves. One noteworthy
conclusion from this study was that the welldepth of the 0" state cannot be more than 150

cm! for KI.
Chemiluminescence

In addition to their molecular beam scattering experiments on the KI system,
Kinsey 's group also measured the chemiluminescence spectra of potassium iodide in a
dilute diffusion flame.22b From the analysis of the fluctuation bands and the molecular-
beam data, they were able to determine accurately the excited-state potential for potassium

iodide.

More recently, laser-induced emission spectra of KI and Nal were recorded by
Polanyi's group in an effusive molecular-beam machine. From these studies, they were

able to characterize the potential curves of a previously unknown bound excited state,

which lqd to the dissociation of KI and Nal to excited alkali atoms (2PJ, J=1/2,3/2) and

ground-state iodine atom (2P3 /2).

Photofragmentation
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Photofragmentation techniques were pioneered by Wilson and co-workers at
UCSD?3 and further developed by Bersohn and his co-workers at Columbia2? amon g
many others. In a photofragmentation experiment, one measures the velocity and spatial
distributions of the photofragments induced by a polarized laser beam. The velocity
distribution of the photofragments depends on the energetics of the parent molecule, while
the angular distribution reflects the symmetry nature of the electronic-excitation process and

the lifetime of the dissociative complex. -

Anderson er al. were the first to carry out photofragmentation experiments on alkali
halides.? They photodissociated Nal at a fixed laser wavelength, namely, the second
harmonic of a Ruby laser, 347.1 nm. They measured the spatial distribution of the
products and determined the relative ratio of the parallel transition vs. perpendicular
transition. Su and Riley26 extended this work to all the alkali iodides and bromides at 266
nm. From the measurement of product time-of-flight and spatial distribution, these
workers were able to determine the symmetries of the electronic transitions at 266 nm and

the dissociation energies of all the alkali iodides and bromides.

In these photofragmentation experiments, the uncertainty about the lifetimes of the
dissociating molecules hindered the interpretation of the experimental data. The most
important parameter that can be extracted from the experimental data is the anisotropy
parameter 3. This parameter can be affected by the lifetime of the dissociatin g molecule. If
the lifetime is short compared with the rotational period, then contributions of the parallel
and perpendicular transitions to the spatial anisotropy parameter are 1 and -0.5,
respectively. However, if the lifetime is much longer than the rotational period, the spatial
anisotropy will be totally washed out; the anisotropy parameter will be 0.25 for both the
parallel and perpendicular transitions. It is usually assumed that the 1 state dissociates

promptly, while the 0* state may be a predissociating state; therefore, it may have a long



29

lifetime. It has be shown by Delvigne ez al. that the 1 state may be coupled to the 0% state
through rotational coupling; therefore, the 1 state may not dissociate promptly. One can
argue, however, that this effect is important only for large impact parameters, and
therefore, for rotationally highly excited molecules, which may be rare at normal
temperatures. For the 0% state, however, the problem is more severe. There is a
distribution of lifetimes for a predissociating molecule ranging from subpicoseconds to
nanoseconds. From the experimental data, only lower (short lived) and upper (long lived)

bounds can be given for the ratio between parallel and perpendicular transitions.

van Veen et al. further extended the photofragmentation experiment for KBr, KI,
NaBr, and Nal by using a frequency-doubled tunable dye laser as the excitation laser.
They not only measured the dissociation energies and the relative transition strength of the
parallel and perpendicular transitions, but also constructed the repulsive branches of the 0%
and 1 potential curves by application of the Franck-Condon principle. However, there was

the same problem about the lifetime ambiguities.
Laser-Induced Fluorescence

Using high-resolution absorption and LIF techniques, fragmentary rotational fine
structures were observed in the electronic transition 0t X 1+ of Nal and Lil by
Tiemann and his co-workers.10 The assignment was obtained with the help of Child's
semiclassical theory. From this kind of assignment, RKR potentials for both the ground
X 12+ and the excited O states were obtained for the first time. The coupling-matrix
element was deduced to be 0.054 eV (434 cm1). It is puzzling to note that the repulsive
branch of the O potential of Nal could not reproduce the known Franck-Condon factors

and did not agree with van Veen's photofragmentation work.

Ragone et al.27 performed the only known supersonic molecular-beam-LIF work

on Nal, but their interpretation was called into question by Schaefer et al. and has been a
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topic of recent debate in the literature. 282&b Levy and Be:rry28b seem to agree with
Tiemann and co-workers assignments,282.10 however, a re-analysis of the supersonic beam
spectra has not appeared in the literature.

IV.2  Construction of the Potential-Energy Curves and Comparisons of Different

Experiments

It has long been recognized that the ground state of an alkali halide molecule is
mainly ionic in character. However, the measured dipole moment is generally smaller than
would have been predicted by a totally ionic model: two oppositely charged particles
separated by the equilibrium bond length. To remedy this simple point-charge picture,
Rittner?® proposed a model to describe the interaction between the alkali cation and the
halogen anion: the ions are polarizable spheres; besides the Coulomb attraction, there are
also charge-induced-dipole, dipole-dipole, charge-induced-dipole attractions, along with
the usual van der Waals dispersive attraction. The following potential was suggested for

the ground state of alkali halide molecules:

V(R) = Aexp(-R/p) - €*IR- e*(ty v+ 0ty )2R? - C,  IR® - 26 oty vty JR7. (2.26)

The o's are the ionic polarizabilities (M* and X are alkali and halogen ions, respectively).
The R/ s R%andR”’ ,and R terms represent Coulomb, ion-induced dipole, and van der
Waals interactions, respectively. The exponential term was included to describe the short-
range repulsion; parameters A and p are obtained by fitting the equilibrium internuclear
distance and vibrational spacing. This model was later known as the Rittner model and it
was quite successful in predicting the binding energy and dipole moment, even vibrational

anharmonicity to certain degree, given the available experimental data at the time.

Brumer and Karplus30 re-examined this problem on the bases of a quantum-
mechanical-exchange perturbation theory. They found that the dependence of the induced

dipoles on internuclear distances made it appropriate to drop the R® and R/ terms in the
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original Rittner potential. A new set of parameters was given that agreed better overall with
experimental data. This was called the truncated Rittner potential or T-Rittner potential.

Despite its apparent success, it has not been universally adopted in the literature.

Faist and Levine have also suggested a slight modification to this Rittner potential in
their paper on the chemi-ionization cross section of Na and I so that the potential would be
well behaved at small R through the inclusion of an additional repulsive term with R?
dependence as a cofactor before the exponential repulsion term.3! This modified version of
the Rittner potential has been the basis for a number of experimental and theoretical

endeavors in recent years.

Experimentally, the binding energy and vibrational frequency of alkali halides were
measured by absorption and emission spectroscopy. Infrared absorption spectra have been
particularly useful in determining vibrational anharmonicities. Despite the rich experimental
data on the ground-state potential and the various theoretical models, direct comparisons
between the two have been rare. In Figure 2.4, various theoretical potential curves were
plotted against the experimentally derived RKR turning points by Tiemann and his

coworkers. As can be seen from this figure, the overall agreements are quite reasonable.

For the excited states, the picture is much less clear. Taking the first exicted state as
an example, this state is mainly covalent in nature and is therefore not strongly bound or
not bound at all, depending on the interaction strength between this state and the ground
state. Deriving an unbound potential energy surface is obviously a more challenging task
than for a strongly bound ground state. Another complicating factor is the excited state
correlation with ground-state atoms, M (2S1 /2) and X (2P3 /2). Different total electronic
angular momenta (for example, 0, 1, or 2) will give different potential energies at short
R's. This means that in the Franck-Condon region the first excited state will split into a

number of distinct states; among them some or all may be accessible in a single experiment,
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thus making the interpretation of the experimental results even harder.

Since a major portion of this thesis is devoted to the discussion of the first excited
state of Nal (Chapter 4), all relevant literature information will be deferred to later sections

of this thesis.

Y. Summary

In this chapter, a brief overview is given to present a simple picture of the current
status of the field of photodissociation of alkali halide molecules, except for the time-
domain work. To facilitate further discussions, some basic physical principles that will be
involved in later chapters of this thesis are introduced. In particular, a qualitative picture of
the origin of the curve-crossing problem is given, along with a detailed discussion of the
quantum-mechanical treatment of the problem. In the following chapters, various aspects
of the real-time dynamics of photodissociation of alkali halides, that of Nal in particular,

will be discussed.
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VII. Tables

Table 2.1:

Q =IP(M) - EA(X), the differences between alkali ionization potentials and halogen
electron affinities. (adapted from Reference 9.)

F Cl Br I
Li 1.991 eV 1.775 2.026 2.329
Na. 1.740 1.524 1.775 2.078
K 0.9420 0.7260 . 0.977 1.280

Rb 0.7770 0.5610 0.812 1.115

Cs 0.4940 0.2780 0.5290 0.832
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Table 2.2:

Points Ry of the alkali halides Ry = ez/Q, based on Coulomb curves for ionic states and
horizontal lines for atomic states to M s 12 and X 2P3 e (adopted from Reference 9)

F Cl Br I
Li 72324 A 8.1125 7.1075 6.1828
Na 8.2757 9.4486 8.1125 6.9296
K 15.2864 19.8344 14.7387 11.2498
Rb 18.5325 25.6680 17.7337 129146

Cs 29.1493 51.7977 27.2207 17.3074



39

Table 2.3

Potential parameters for Nal

A. Brumer and Karplus (Reference 30)

22_- e2(ay+ + ay.) Cpy

r
Vi(r)= Xexp( ) o "6
Coefficients Value Unit
Ayy 2.5563 109 ergs
Pux 0.3816 A
O+ 0.181 A3
Oy 7.16 A3
Cux 8.959 1060 erg cmd
B. Faist and Levine (Reference 31)
B 2 e2(0y,+ + Oy.)

1%4 = {A. zon g_ i M X

) ={A, )%)exp(- P:an ~ 2

2

S o r’

+ Ezh

) CCOV

Vy(r) = {A “’”) Jexp(- 5 2
Peov (1)

COV

sz(r) = Alzexp( -rip)
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Coefficients Value Unit

A, 3150 eV

B, 2.647 eVI/12 A
cov 1000.0 eV A

P, 0.435 A

A, 2760 eV

B, 2.398 eVIB A

Cion 11.3 eV A6

Pion 0.3489 A

0+ 0.408 A3

0y 6.431 A3

E, 2.075 eV

A, 0.813 eV

B, 4.088 A

g 2.7 A

A 12 17.08 Y%

p 1.239 Al
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Rose, Rosker, and Zewail (Reference 13c¢)

B. 2 e2(a + Oy
Vilr) = {4;,, + (—’;m)‘g}exp( - =) it 1 O

Pion T 2rt
Cion_ 2elay+ oy +E
0 r’ th

Vy(r)=Aexp(-B;(r-r;))
Vio(r) = Apexp( - B(r-r)?)
Coefficients Value Unit

ion 2760 eV

ion 2.398 eVI8 A
Cion 11.3 eV AS
Pion 0.3489 A
O+ 0.408 A3
Oty 6.431 A3
E, 2.075 eV
A, 0.813 eV
B 4.088 Al

r, 2.7 A
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Ap, 0.055 eV
B 0.6931 A2
r 6.93 A

Wang, Blake, McCoy, and Torop (Reference 32)

2 2
e Dion € (0, + + Oy-)

V() = (A, + Ciony g I
JANEAR Sy 7/ r p(- ) -

ion r 2rt
Cion 2204 Oy L F
70 r7 ion
B, r+r C
% = /A ion 12 : 0 cov
2(") : cov (r * r0) Jexpf Peoy ) (r+ "0)6 ¥ Ecov

Vio(r)=Apexp( - B(r-r )?)
Coefficients Value Unit
Ay 3150 eV
B, 2.710 eVI/1Z A
Cepv 1000.0 eV A
Peov 0.4277 A
E . 3.18 eV

0.61 A



ion

ion

ion

pion

2758

1.742

12.72

0.3603

1.375

5.446

5.312

0.813

4.088

2.7

0.055

0.6858

7.293
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VIII. Figures

Captions:
Figure 2.1.

A typical potential diagram of an alkali halide MX: the crossing of the

ground state and the lowest covalent state.
Figure 2.2.
Curve crossing, the "linearized" Landau-Zener model.

Figure 2.3.

Child's semiclassical theory of curve-crossing.18 V_and V_represent the
adiabatic upper and lower potentials, respectively, while V, and V,, are the

diabatic ones. A , A " and B L are the amplitudes of the semiclassical

wavefunctions at the classical inner and outer turning points.
Figure 2.4.

Comparison of different ground-state potentials for Nal. Please note that the
"Truncated Rittner" potential (Brumer and Karplus) is the ionic diabatic potential;
thus, its asymptotic value, corresponding to the separated ion pair of Na* and I', is

different from other potentials.
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Ionic M + X"~

Covalent M + X

A =IP(M) - EA(X)

Internuclear Separation —

Figure 2.1
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V(R)

Figure 2.2
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Figure 2.3
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Chapter 3

Femtosecond Transition-state Spectroscopy of Alkali Halides:

Experimental Methodology and Some New Developments
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I. Introduction

As has been discussed in Chapter one, understanding the transition state in a
chemical reaction is one of the most fundamental aspects of chemical dynamics. Among
the many approaches developed so far, this research group has been most interested in
observing the real-time dynamics of the transition state.! This goal was recently
accomplished with the availability of femtosecond laser pulses of very high peak power and

wide tunability.2

The first FTS experiment carried out in this research group was the direct
photodissociation of ICN by Scherer ez al.3, with compressed picosecond pulses (~ 300 fs)
and later by Dantus ez al.4, with a CPM-based system (~ 60 fs). Following this success,
the second set of experiments performed with this newly established technique focused on
the predissociation of alkali halides, and preliminary results were reported by Rose,
Rosker, and Zewail.> A comprehensive account of this work was published by the same
authors, in which experimental details were given along with an in-depth analysis of the
experimental findings and a classical simulation of wave-packet dynamics.® (This paper

will be referenced as FTS IV hereafter.)

Chapter 3 is mainly a continuation and further development of FTS IV; a thorough
re-examination of the experimental findings reported in FTS IV is presented. Namely, a
quantitative treatment is given to separate wave-packet dephasing dynamics from pure-
population decay; a rigorous inversion procedure is established to obtain the Landau-Zener
coupling-matrix element from the time-resolved data; and a physical model is developed
that explains the power dependence of the on-resonance transients. The remainder of the
chapter is organized as follows: A brief description of the experimental setup and procedure
is given first, followed by detailed discussions of each of the above topics. The final

section summarizes the chapter.
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II. Experimental Setup

A colliding-pulse mode-locked dye laser (CPM)-based system was employed in the
femtosecond transition-state spectroscopy (FTS) experiments of alkali halides (see Figure
3.1 for a schematic description). Femtosecond pulses with a wavelength around around
620 nm were generated from the CPM pumped by a continuous Ar" laser (Coherent,
Innova 100) and further amplified by a four-stage pulsed dye amplifier (PDA) pumped by a
Q-switched Nd: YAG laser (Quanta-Ray, DCR-3). The output pulses from this system had
~300 pJ energy, and a 20 Hz repetition rate. The temporal pulse width was measured and

found to be as short as 60 fs (assuming a hyperbolic-secant squared pulse shape).

The experiments required broadly tunable radiation at both the pump (UV) and
probe (visible) wavelengths. Tunable probe pulses (550 nm to 730 nm) were obtained by
focusing part of the PDA output into a D70 cell to generate a white-light continuum that
was frequency-selected by an interference filter with a bandwidth of 10 nm. Tunable pump
pulses (280 nm to 365 nm) were generated by amplifying a portion of another continuum
by the residual 532 nm light from the same Nd:Y AG laser before frequency-upconverted
by second-harmonic generation in a Type-1 KD*P crystal. Pump pulses at 391 nm were
obtained by sum-frequency generation through mixing the amplified CPM radiation (623

nm) and the residual fundamental beam of the Nd:YAG laser at 1064 nm.

The sodium-iodide sample (Aldrich, purity better than 99.999%) was contained in
an 8 cm-long, vacuum-sealed quartz cell with a side arm. Prior to sealing, care was taken
to remove excess moisture that was absorbed by the sample via heating the salt in the quartz
cell at 200 °C under vacuum (< 10-6 Torr) for more than 6 hours . For all experiments, the
main body of the cell was heated to ~ 650 °C in an oven, while the side arm was maintained

~ 50 °C lower than the oven temperature to avoid salt deposition on the cell windows. The
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vapor pressure of the sample was estimated to be about 100 mTorr at 650 °C,

corresponding to a number density of 5x10'7 molecules/cm?.’

The pump-and-probe beams were delayed in time relative to one another by a high-
resolution Michelson interferometer arrangement. These beams were near-collinearly
recombined and focused into the Nal sample cell by a 20-cm focal-length lens. The laser-
induced fluorescence (LIF) was collected in a direction perpendicular to the pump/probe
beams by f/3 collection optics. In order to minimize the scattered laser light and other
unwanted background light, the collected LIF was sent through a 1/3-meter
monochromator that was tuned to the free, unresolved Na D lines (589 nm). A layout of the
experimental setup is given in Figure 3.2. The fluorescence was detected with a
photomultiplier tube and the voltage signal was integrated by a digital boxcar integrator
(Stanford Research, Model SR 250) without further amplification. The gating of the
voltage signal was achieved by selecting an appropriate time window to contain the 16 ns
decay transient, which is characteristic of Na D lines. Both the optical delay line of the
Michelson interferometer and the boxcar were controlled by a personal computer (Apple,
Macintosh II). The data acquisition routines were developed by this group and extensively
documented in two previous Ph.D. dissertations.8° High signal-to-noise ratio was
achieved by numerically averaging up to 200 separate data sets, while 40 to 50 scans were

averaged for a typical transient.

A great deal of effort was focused on maintaining consistent experimental
conditions, i.e., proper attenuation and polarization of the pump/probe beams, adequate
equilibration of the oven and side-arm temperatures, and optimized configuration for the
collection optics. Emphasis was also placed on fully characterizing the pump-and-probe
pulses. For each data set, the spectrum of the pump and the probe was taken separately.
The temporal profile of the pump and the probe was recorded with the measurement of the

cross-correlation signal in a Type-1 KD*P crystal whenever possible. Occasionally, the
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cross-correlation signal could not be obtained either because of the lack of a suitable
detector in the infra-red or to the low power of the pump-and-probe beams when both were
generated via the white-light continuum. As dual white light continua also produce a poor
signal-to-noise ratio in the alkali halide transients, this type of experimental arrangement

was avoided.

ITII. Results and Discussions

A pictorial description of the wave-packet dynamics in the alkali halide reaction is
shown in Figure 3.3, which illustrates the evolution of the wave packet during photon-

induced predissociation. At time zero, a wave packet is promoted from the ground ionic

state X 126 (v" = 0) to the repulsive limb of the A 0* state by the pump pulse; the wave

packet then proceeds to propagate towards the lower potential energy regions of larger
internuclear separation. When the crossing region is encountered, the wave packet will
bifuracate into two components; one is trapped inside the adiabatic well, while the other
escapes diabatically to the outside and gives the final products of the reaction, free Na and I
atoms. The relative weight of these two components is determined by the Landau-Zener
curve-crossing probability. The trapped portion of the wave packet executes a periodic
motion inside the adiabatic well; whenever the crossing region is met, a fraction is lost
because of non-adiabatic crossing until the reaction is complete, i.e., until there are no
molecules left in the transition region. The purpose of the probe photon is to follow in real
time the wave-packet motion by opening a “window” along a certain internuclear

separation.

Experimentally, the dynamics of the alkali halide dissociation reaction can be
elucidated by varying a number of parameters. In the following subsections, the results

from such experiments: probe-tuning, pump-tuning, and power dependence, are presented
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and discussed, with emphasis on the basic physics that underlines such simple

predisssociation processes.

[II.1  Probe Tuning and Population Decay vs. Wave-Packet Dephasing

Varying the probe wavelength is equivalent to changing the position of the
observation “window” along the reaction coordinate. For example, when the probe is
tuned to 589 nm, it is in resonance with the free Na D line transitions that occur at very

large values of the internuclear separation. The fluorescence transients obtained under such
conditions reflect the appearance of the free Na atoms; this is called }\; probing, where the

"2" refers to the probe pulse and the "e" indicates the large internuclear separation
characteristic of resonance. If the probe is tuned away from 589 nm, to either the red or the
blue side, the resulting fluorescence transients can no longer correspond to the free Na (one

of the final products); therefore, they must originate from a species in the transition state.
. . . * . . 3 .
Thus, this experiment invokes 7»2 probing, where the asterisk mark indicates the transition
state.
o0 * . . .
A comparison of the results from ?\2 and }‘2 probing is shown in Figure 3.4. The

A~ -probe transient shows an initial sharp rise, followed by a series of stair-caselike
2P

*
plateaus, while the 12 -probe signal displays a damped oscillation whose frequency
matches that observed in the 7\; -probe case. This observation clearly establishes the

E
(= =]
qualitative nature of the on-resonance (7\,2 ) and off-resonance (7»2 ) transients: the off-

resonance signal reflects the population inside the adiabatic well; the on-resonance signal
follows the free Na build-up. The oscillation period of the off-resonant transient is

determined by the local vibrational frequency, as can be measured by high-resolution,
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frequency-domain spectroscopy, ¥ while the overall decay is caused by the Landau-Zener
crossing. In fact, the relation between these two kinds of transients can be further
illustrated by the resemblance between the on-resonance transient and the dotted curve,

which was obtained by integrating the off-resonance transient over time.

Another important aspect of the wave-packet evolution is revealed by a more careful
comparison of these two kinds of transients.!1 The single exponential rise time of the on-
resonance transient is about 6 ps, while the amplitude of the off-resonance signal decays
with a much faster time constant of 3 ps. This apparent discrepancy can be reconciled by
noting that even though the wave packet prepared by a femtosecond laser pulse might be
approaching a Gausssian wave packet, it is not moving on a perfect quadratic potential.
Because of the anharmonicity of the adiabatic potential, the quasi-Gaussian wave packet
will disperse while oscillating back and forth on the adiabatic potential. This dispersion
causes the broadening of the wave packet and rapid decrease of the peak amplitudes, which
are directly related to the peak height of the wave packet. Another cause of broadening in
the off-resonance peaks stems from the many rotational levels populated under the
experimental conditions. Each rotational state supports its own coherent vibrational wave
packet; the average oscillation period is slightly different for different rotational states.
With these factors in mind, if the decay of the peak areas is examined, the time constant is
also 6 ps, identical with the exponential rise-time of the on-resonance transient (see Figure
3.5). Thus, the faster decay of the off-resonance signal is a result of both the population
loss that is due to curve crossing and the wave-packet dephasing. Since the collision
frequency in the sample cell at ~100 mTorr is much less than one collision per nanosecond,
the observed dephasing effect is purely due to the anharmonic nature of the potential. As
can be seen from the relevant time constants, the pure dephasing time (~ 6 ps) is

comparable to the population-decay constant (also about 6 ps).
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III.2  Pump Tuning and the Landau-Zener Coupling Constant

Figure 3.6 shows the effect of tuning the pump wavelength from 300 nm to 365 nm
on the off-resonance transients. When the pump wavelength is varied, the total energy of
the wave packet is changed; as a result, the initial starting position of the wave packet on
the repulsive branch is also changed. As can be seen from this figure, the oscillation period
decreases when the wavelength is tuned to the red, i.e., when the available energy to the
wave packet is decreased. Following the same trend, the corresponding decay rate also
decreases. As mentioned in the previous subsection, there are three aspects of the
information imbedded in these off-resonance transients. In addition to the vibrational
dephasing, they also contain information about the local vibrational frequency and the
curve-crossing probability as manifested by the oscillation period and the damping rate,
respectively. While the oscillation period data are directly connected to the potential and are
therefore vital for inverting the FTS results to PES, this subsection will focus only on
obtaining the Landau-Zener coupling constant. Potential inversion is deferred to a later

chapter.

As has been discussed in Chapter 2, the population decay of the off-resonance

transient can be described reasonably well by the Landau-Zener formula:

2 V.2
12 } 3.1)

Prz= ‘—’XP{' hW(EJ) [F,-F)

where V, is the coupling matrix element, v(E.,J) is the relative velocity of the atoms at the
crossing point at a given excess energy £ and rotational quantum number J, and the F ; and
F, are the slopes of the diabatic potentials at the crossing point. Since the covalent potential

at the crossing point R_ is essentially flat, and the ionic potential is dominated by the / R

Coulombic attraction term:
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dv(r) dV(r) 1
/F] 'F2/=/ d]r /Rx‘ dzr /Rx/ z"R_Z', (3.2)
X

P, > can be deduced from the off-resonance transients, and the excess energy is determined

by the pump wavelength and the average rotational quantum number, leaving the coupling-

matrix element as the only unknown quantity in Equation (3.1).

P, ,is obtained in the following way. First, the oscillation period T must be

determined. For a given transient, T can be measured directly by fitting the curve to a
decaying cosine function until all the peak positions are matched. Secondly,

the population-decay constant ¢ must be extracted from the experimental data. This
procedure is complicated by the fact that the off-resonance transient is not in a simple
exponential decay form; instead, it is deeply modulated. As has been discussed earlier in
this chapter, important information about the wave-packet dephasing is imbedded in the
broadening of the off-resonance peaks and can be extracted and separated from the
population-decay dynamics. However, that procedure requires very high signal-to-noise
ratio and a sufficient number of data points to cover each individual peak and is realistic for
only one particular pump-probe combination (310 nm pump, 620 nm probe), in which the
signal-to-noise ratio is adequate. To derive the population-decay-time constant without the
interference from the dephasing dynamics over a wide wavelength range, each experimental
decay curve is integrated over time, and the integrated curve is then fitted to a single
exponential rise function by a non-linear least-squares fitting routine (a typical fit is shown
in Figure 3.7). Using this technique, the dephasing dynamics as reflected in the
broadening of the peaks is eliminated, while the overall population decay characteristics are

preserved. Finally, combining the period and decay-constant data, P 17 s computed by the

following equation:
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P, ,=(I- exp(-T/t))112. (3.3)

The 1/2 exponent is due to the fact that P 1 7 1s defined as the escaping probablity for one

crossing, while /- exp(-T/t) measures the decay probability over one whole period, i.e.,

one round trip, or two crossings. The relevant data are listed in Table 3.1.

Re-arranging Eq. (3.1) and taking logarithms on both sides, one obtains the

following form of the Laudau-Zener expression:

2
(P} = 4 V?Z 2u\l2 3.4
"PL7) = hIF1Fy \Eex) (34)

where 4 is the reduced mass and the E, 1s the excess energy (i.e., recoil energy),

including both the vibrational energy and the rotational energy released due to the increase
of the internuclear separation at the crossing point. Following this modified version of the
Landau-Zener formula and using wavenumber as the energy unit, Equation (3.4) can be

written in the following form:

In(P,,) = -1.3958 x 103 x vf (3.4")

1
212
o
If one plots In( P, ,) vs. E_ -1/2, the result should be a straight line that goes through the
P LZ ex

origin; the slope of the line is proportional to the square of the coupling-matrix element

V,- Such a plot is shown in Figure 3.8; the Landau-Zener coupling constant derived from

this figure is 415 £ 15 (one standard deviation) cm-l, in close agreement with previous

theoretical and experimental values.10, 12-14

III.3  Power Dependence
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A power-dependence study of the FTS transients of Nal demonstrates a number of
interesting features. The off-resonant transient wave form is remarkably insensitive to the
pump and probe powers even when they are varied over a factor of 100. The shape of the
on-resonance transient also remains unchanged when the probe power is varied. However,
when the pump power is increased, the on-resonance transient shape changes drastically,
as shown in Figure 3.9. Initially, at very low pump power the on-resonance signal
displays a sharp rise, followed by a series of ascending plateaus that are in turn washed out
to become a slow rise. As discussed in subsection A, the waveform can be understood as
reflecting the build-up of free sodium atoms. When the pump power is increased
gradually, the rise part of the transient is flattened out and a plateau level is reached quickly;
when the power is increased further, the transient even starts to descend and resembles the
appearance of the off-resonance transients. This trend was reported in FTS IV, even
though it was not very well understood at the time and remained puzzling for quite some
time. The following paragraphs will highlight a recently developed hypothesis that can

explain all the experimental observations made so far.

Since the shape of the on-resonance transient does not depend on the power level of
the probe beam, its change of shape as a function of the pump power must be due to the
transition state as prepared by the pump pulse, not some final state effect as may be
introduced by the probe pulse. Furthermore, a close examination of the high-power
transient shows that it has the same oscillation structure as an off-resonance transient; even
the period matches that of the off-resonance signal, which is a signature of the A 0" state.
This unequivocally establishes that the on-resonance transients still originate from the same
intermediate state, no matter in what form (the low-power form or the high-power form) it
appears. As aresult, it can be ruled out that this power dependence is caused by

multiphoton processes.
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With these clues in hand, the following hypothesis is given. The on-resonance
transient, as probed by a 590-nm pulse with a bandwidth of 10 nm, is comprised of two
components: the "true" on-resonance part that is due to the absorption of a very narrow
portion of the probe light centered around 589 nm by free sodium atoms outside the
potential well, and the off-resonance part that is caused by the absorption over the whole
probe pulse spectrum by the Nal molecules inside the trapping well, i.e., the transition
state. At low pump powers, the on-resonance component dominates, while when the

pump power is increased, so does the relative weight of the off-resonance contribution.

First of all, this hypothesis is plausible because off-resonance transients have been
observed both to the red and blue of 590 nm. There is no reason to doubt that transient
species trapped in the potential well will not absorb the 590 nm light, even though the
absorption cross sections of the transient species and the free sodium atoms at 590 nm
might be rather different. Secondly, not only does the beating frequency of the high-power
transient match the off-resonance pattern, but also the overall decay time is on the same
order as the off-resonance signal. This further supports the assumption that there is an off-
resonance contribution to the on-resonance transient. Finally, Na is known to have a very
large absorption cross section at 590 nm, and it can absorb only a very small portion of the
10 nm bandwidth probe light because of the sharpness of the atomic transition. Thus, it is
not hard to imagine that when a large number of free sodium atoms are produced by the
high-powered pump pulse, these Na atoms will deplete the part of the probe pulse that
matches their absorption profile. Consequently, the on-resonance signal level will not rise
farther when all the available photons are consumed, even when the pump power is further
increased to produce more and more free Na atoms; on the other hand, the molecules in the
transition state, possessing much smaller absorption cross sections and being able to
absorb the whole spectrum of the probe pulse, will continue to increase the off-resonance

signal level when the pump power is increased without experiencing the "level-off" as the
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on-resonance component. The net result is that the transient is dominated by the on-
resonance part at low pump powers and by the off-resonance component at high pump
powers because of the large absorption cross section and narrow absorption linewidth of
free sodium, and the small absorption cross section and wide absorption profile of the

transient species of Nal.

To test this hypothesis quantitively, we employ the following simplified kinetic
model to describe the pump-probe process with a pump pulse at 310 nm and a probe pulse

centered around 590 nm with a 10 nm bandwidth (see Figure 3.10):

Step 1:
d[Nal](1)idt = -I(1)0,,(AMhc)[Nal](t) + I(t)oab(A/hc)-[NaI]i*(t)
= -I(1)0,,(Alhe)([Nal](1) - [Nal]#*(1))
= MmO ([Nal](1) - [NalJ¥%(1)), (3.5)
where /(2) is the laser intensity, O is the absorption cross section of Nal at 310 nm, and
npump( t) is the photon flux and has a unit of number of photons/s-<cm2. In order to know
the concentration of Nal molecules excited by a pump pulse with given pulse energy and

spot size S, Eq. (3.4) is integrated over the whole pulse width to give the following

expression:

[Nal[#(1)) = %[Nal]o(l - e-20uNpumpls), (3.6)

where [Nal]J¥*( 1,) represents the number density of Nal+* right after the pump pulse is

over, [Nal] 0 is the initial Nal concentration, and Npump 1s the total number of photons in

the pump pulse. The fact that the total concentration of Nal in the ground and excited states

is conserved quantity is used to derive Eq. (3.6).
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After the pump pulse, the Nal molecules in the excited states will undergo a
predissociating process to produce Na and I, both in the ground states. Omitting the fine
details of the wave-packet oscillations that result in ripples on the experimental transients,
the dissociation process can be described by the following equations with a Landau-Zener

leaking-rate constant &:

[Nal]#*(1) = [Nal[#*(1,) 4, (3.7a)
[Naj(1) = [Nal]**(1p) (I - e'kt). (3.7b)

The next step is for the probe pulse to monitor this process by exciting Nal#* or Na into an
excited state, which in turn emits light around 590 nm (Na D lines). Ideally, one would like
to separate the dynamics of Nal** (decay) from that of Na (build-up), by tuning the probe
wavelength in resonance with either Nal#* or Na; however, this is not possible in this
particular case because of the finite spectral width associated with the probe beam. Thus,

we have to consider both probe channels.

Following the same procedures as in deriving Eq. (3.5) and (3.6), we have
d[Na*](1)ldt = Oygnp,ope(1)([Na](t) - [Na*](1)), (3.8)

(t) is the photon flux of

where gy, is the total absorption cross section of Na D lines, Morobe

the probe beam, and its useful spectral width is determined by the absorption profile of the
free Na atoms. If we multiply both sides of Eq. (3.8) by the interaction volume of the
probe-and-pump beams, the number density terms (marked by square brackets) become

numbers of molecules:

dNNa* (1t = Oy (ONNa(®) - NNax()). (3.9)
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Integrating over the probe-pulse duration, we have:

NNa*(II) = NNa(t])'

I - exp(-ONgNNg - 2Nprobe(Na)iS)
2- NNa probe(Na)exp( ONalNNa - 2Nprobe(Na)lS)’

(3.10)

where N

robe (Na) means the total number of probe photons that fall into the absorption

profile of free Na lines, ¢, is the time at which the probe-pulse is just over. This equation is

obtained under the assumption that the probe pulse duration is much shorter than the
inverse of the Landau-Zener decay rate, which is a very good approximation since the
probe pulse is typically 150 fs long and the lifetime of the predissociating molecules is
about 10 ps. Similarly, for the off-resonance contributions, the expression is identical to

the last equation, when all the Na's are replaced by Nal+*'s.

It is rather instructive to examine the asymptotic behaviors of Eq. (3.10). If

(Na)(t )>> N mb W then N Na* ( probe) NNa([probe)/Z’ which means that

probe probe

50% of the free sodium atoms will be promoted to the excited state, and we are in a
saturation regime. In this case, the time dependence of the FTS signal that is due to the on-
resonance absorption will still follow the build-up of free Na atoms faithfully. On the other

hand, if we are in the other extreme case where NNa( t )>>N (Na), then

probe probe

Ny (1 mbe) b N be(Va) and we are in a depletion regime. In this case, the on-resonance

signal will quickly reach a plateau level, as limited by the number of photons available, and
will remian unchanged as long as the migration of Na atoms out of the interaction volume
that is due to thermal diffusion is not significant. Thus, if we look at the time dependence
of the on-resonance signal alone, it no longer follows the build-up of free Na atoms; the

nominal build-up time for this transient will be much faster than 1/k.



In principle, the same arguments should be valid for the off-resonance components.
However, since the absorption cross section is relatively small and the number of probe
photons available is much larger, the depletion regime is essentially not reachable. As has
been demonstrated experimentally, the off-resonance signal has a very weak power
dependence, as no observable change in the waveform of the transients is detected over two

order-of-magnitude changes in both pump and probe powers.

With these results in mind, a set of experimentally realistic parameters are applied to
simulate the experimentally observed transients. The results are displayed in Figure 3.11.
From this figure, it can be clearly seen that when pump power is gradually increased from
S5nJto 100 yJ, the simulated transient goes from a simple exponential rise function to an
almost exponential decay function, closely resembling the trend in the power dependence of
experimental transients. In Figure 3.12, the experimental transients are fitted to a sum of a
single exponential rise and a single exponential decay. While the time constant for the
decay part remains basically unchanged (from 8 ps to 10 ps), the exponential rise constant
becomes shorter and shorter when the pump power is increased, from ~ 5 ps to 0.3 ps.
This trend is exactly what is predicted by the aforementioned model. These excellent
agreements between experiments and the kinetic model strongly support the proposed
theoretical model. A further experimental test will be reducing the spectral bandwidth of
the probe pulse, therefore changing the relative weight of on-resonance and off-resonannce

components.

IV. Summary

In this chapter, a number of new developments of the femtosecond transition-state
spectroscopy of Nal were discussed. These included the separation of wave-packet

dephasing dynamics from that of predissociation, the inversion of time-resolved data to
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obtain the Landau-Zener coupling-matrix element, and the development of a realistic
physical model that explains the power dependence of the "on-resonance"” transients. In the
next chapter, new experimental results are presented and new procedures are developed to

invert the FTS data to potential-energy curves.



66

References

For reviews of the research activities of this group, see:

(a) M. Gruebele and A. H. Zewail, Phys. Today 43, No. 5, 24 (1990);

(b) L. R. Khundkar and A. H. Zewail, Ann. Rev. Phys. Chem. 41, 15 (1990);
(c) A. H. Zewail, Science 242, 1645 (1988);

(d) A. H. Zewail and R. B. Bernstein, Chem. Eng. News 66, 24 (1988).

(a) R. L. Fork, B. I. Greene, and C. V. Shank, Appl. Phys. Letters, 38, 671
(1981);

(b) For a comprehensive review of the techniques of the generation and
amplification of ultrashort laser pulses, see: J. D. Simon, Rev. Sci. Instrum. 60,

3597 (1989).

N. F. Scherer, J. L. Knee, D. D. Smith, and A. H. Zewalil, J. Phys. Chem. 89,
5141 (1985).

M. D. Dantus, M. J. Rosker, and A. H. Zewail, J. Chem. Phys. 87, 2395 (1987).
(a) T. S. Rose, M. J. Rosker, and A. H. Zewail, J. Chem. Phys. 88, 6672 (1988);

(b) M. J. Rosker, T. S. Rose, and A. H. Zewail, Chem. Phys. Lett, 146, 175
(1988).

T. S. Rose, M. J. Rosker, and A. H. Zewail, J. Chem. Phys. 91, 7415 (1989).
J. C. White, Appl. Phys. Lett. 33, 335 (1979).
L. W. Peng, Ph.D. Thesis, Caltech, Pasadena (1991).

M. Dantus, Ph.D. Thesis, Caltech, Pasadena (1991).



10.

11.

12.

13.

14.

15.

16.

67

S. H. Schaefer, D. Bender, and E. Tiemann, Chem. Phys. 89, 65 (1984).

P. Cong, A. Mokhtari, and A. H. Zewail, Chem. Phys. Lett. 171, 12 (1990).

R. Grice and D. R. Herschbach, Mol. Phys. 27, 159 (1974).

K. Yamashita and K. Morokuma, Faraday Discuss. Chem. Soc. 91, in press

(1991).

G. A. L. Delvigne and J. Los, Physica 67, 166 (1973).

P. Davidovits and D. C. Brodhead, J. Chem. Phys. 46, 2968 (1967).

S. Chu, L. Hollberg, J. E. Bjorkholm, A. Cable, and A. Ashkin, Phys. Rev. Lett.
55, 48 (1985).



VI. Tables

Table 3.1 Data for obtaining the Landau-Zener coupling-matrix element

Pump
wavelengh

(nm)

299.8
301.5
304.0
306.9
310.8
312.0
313.9
317.4
319.9
320.5
324.4
330.3
332.4
337.8

<Average>

Recoil
energy

(cm1)

8009
7714
7430
7068
6639
6480

6310

5960
5700
5650
5360
4915
4750
4670

<Standard deviation>

Decay time
constant

(ps)

9.45

12.69
17.59
13.39
13.91
12.93
12.15
14.46
10.90
12.17
11.59
12.59
12.42
13.40

68

Oscillation
period
(ps)

1.620
1.536
1.383
1.292
1.198
1.193
1.156
1.100
1.088
1.087
1.042
1.014
1.002
0.985

In(P,)

-2.499
-2.835

-3.256
-3.055

-3.166
-3.099
-3.069
-3.288

-3.022
-3.131

-3.124
-3.232
-3.230
-3.322

Matrix
element

(cml)

399.0
421.6
447.7
428.3
425.8
422.1
417.2
425.8
403.6
410.0
404.1
402.3
398.7
402.6
414.9
14.4
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VII. Figures

Captions:

Figure 3.1
Schematic of the femtosecond laser system: left panel, the Colliding Pulse Mode-
locked (CPM) dye laser; right panel: the Pulsed Dye laser Amplifier (PDA). Key:
SAJ = saturable absorber dye jet; GJ = gain dye jet; OC = output coupler; C1 - C4
= dye amplifier cells; CL1 - CL3 = cylindrical lenses; PH = pinhole. Adapted from
M. J. Rosker, M. Dantus, and A. H. Zewail, J. Chem. Phys. 89, 6113 (1988).

Figure 3.2
Schematic of a typical pump/probe generation scheme for the FTS experiments of
alkali halides. Key: CG = continuum generation cell (D20); IF = interference filter;
SHG = second harmonic-generation crystal; CF = color filter; AMP = amplification

stage. Adapted from the same reference as in Figure 3.1.
Figure 3.3

Schematic representation of the pump/probe process and the relevant low-lying

potential-energy curves for the FTS experiments of alkali halides. A pump pulse at
wavelength )‘1 prepares a coherent wave packet in the covalent A Ot state. A probe

&
pulse at wavelength 7»2 detects the dynamics of the wave packet evolution inside the

potential well, while a probe pulse at wavelength )\; monitors the build-up of the

final products.

Figure 3.4
Comparison of the "on-resonance” and "off-resonance" transients. The upper
curve is obtained by exciting Nal at 310 nm and probing at 590 nm (with a 10 nm

bandwidth). The ascending staircase reflects the gradual build-up of free Na atoms
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with a period of ~ 1 ps. The lower open-circle curve is the result of changing the
probe wavelength to 620 nm.The ~ 1 ps oscillation period matches that of the "on-
resonance” curve.The dotted curve is the integrated form of the 620 nm probing

transient; it closely resembles the 590 nm probing "on-resonance" curve.

Figure 3.5
Population decay vs. dephasing dynamics. The first seven oscillations of an "off-
resonance” transient (310 nm pump, 620 nm probe) were fitted by a sum of
Gaussian functions; each of them was matched to one oscillation. The area covered
by each Gaussian and the peak amplitude were plotted against time in the insert. As
can be seen from the graph, the peak amplitude decays faster than the area.

Adapted from Reference 10.

Figure 3.6
The effect of tuning the pump wavelength from 300 nm to 364 nm. The probe

wavelength was fixed at 620 nm. See text for further explanations.

Figure 3.7
Fitting of the integrated form of "off-resonance" transients. The integrated curve
(3108 A pump, 6200 A probe) was fitted to a sin gle-exponential rise function by a
non-linear least-squares fitting routine. In this case, the rise time, which measures

the population decay, is 10 ps.

Figure 3.8

Inversion of the Landau-Zener coupling-matrix element from FTS. Ln(P; ;) is
plotted against 1/EY2 (E in units of cm™Y); the data points are then fitted to a straight
line that goes through the origin. From the slope of the straight line, the Landau-

Zener coupling-matrix element is derived and found to be 415 cm! +30 cm’! 20).
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Figure 3.9
Power dependence of the "on-resonance" transients (310 nm pump, 590 nm
probe). The relative power levels of the four transients shown here are: (a)

1.0, (b) 2.0, (c) 5.6, (d) 49.2.

Figure 3.10
Schematic of a kinetic model that describes the pump/probe process with a pump
wavelength at 310 nm and probe wavelength centered at 590 nm with a 10 nm

bandwidth.

Figure 3.11
Simulations of the power dependence of the "on-resonance" transients. Parameters
used in the simulation: Nal number density: 1.5x1015/cm’, laser spot size: 50 um
(diameter), interaction length: 2.5 mm, numbér of probe photons from 585 nm to
595 nm: 3x1010 (or about 10 nJ), number of photons that could be absorped by
free Na atoms: 1.5x10% (or 0.5% of the overall probe photons), energy of the pump
pulses: from bottom up: 20 nJ, 40 nJ, 100 nJ, 1nJ. The absorption cross
section for Nal at 310 nm was 2x10"17 cm? (Reference 15), that for Na at 590 nm
(combined D lines) was 1x10712 cm2 (Reference 16), and that of [Nal]* was

estimated to be 2x1071 cm2 at 590 nm.

Figure 3.12
Fitting of the "on-resonance" transients shown in Figure 3.9 by the sum of single-
exponential rise and single-exponential decay functions. The time constant for the
decay part remains essentially constant, 8 - 10 ps. However, the rise time decreases
with increased power, from 5.6 ps for curve (a) (relative power 1.0) to 0.9 ps for

curve (d) (relative power 49.2).
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Chapter 4

Femtosecond Trajectory Mapping of Nal Predissociation
and Direct Inversion to the Potentials
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I. Introduction

The fate of a chemical reaction is determined by the potential-energy surfaces (PES's)
involved. Given a set of PES's, the dynamical features of a chemical reaction can be
computed by either quantum mechanics or classical trajectory methods; the outcome of such
calculations is normally dictated by the accuracy of the PES's available, not the
computational technique itself. Therefore, obtaining reliable information about the
potential-energy surfaces in prototype molecular systems has been the focus for many

research activities in chemical dynamics.

In this chapter, a set of experiments is described in which the trajectories of the
nuclear motion in the predissociation of Nal are directly mapped out. An inversion
procedure is then developed to derive the potential-energy surfaces involved in the
photodissociation from these trajectory mapping results. These low-lying potential energy
surfaces of sodium iodide have been the object of considerable investigation in the

frequency domain. 13 The fragmentary band structure of the ultraviolet spectrum of Nal
arising from transitions between the ionic ground state X 126 and lowest-lying covalent

: : : : : +
states is attributed to the non-zero interaction-matrix elements that couple X 120 and the
predissociating Q = 0 (A 0*) state. In the diabatic representation, both Q =0 and 1

covalent states correlate asymptotically with neutral Na(2S 1 /.2) + I(2P3 /2) atoms. As a result

of non-adiabatic coupling with the ground state, however, the adiabatic PES for the A 0%

state is strongly bound relative to separated Na+(ISO) + I'(ISO) ions. The PES of the Q =1

covalent state is essentially dissociative at all internuclear separations, with only weak non-

adiabatic coupling to the ground-state surface.

van Veen et al. have differentiated between absorption from the ground state to each
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of the two covalent states by photofragment spe:ctroscopy.2 Using the Franck-Condon
reflection method to determine the fraction of parallel and perpendicular transitions
contributing to the total absorption cross section, these workers utilized their data to derive
expressions for the inner repulsive limbs of the Q = 0 and 1 covalent potentials. In a high-

resolution laser spectroscopic study, Schaefer, Bender and Tiemann’

assigned ultraviolet
absorption bands of the Nal spectrum across the wavelength range 301 - 372 nm with the

aid of (an early version of) Child's semiclassical curve-crossing theoxy;4 from their

assignments, molecular parameters and RKR turning points for both diabatic X 12{; and

adiabatic A 0* bound states were determined.> These spectroscopic data> have been
subject to re-analysis by Wang er al.,5 who cast potential functions for the same states in
analytical form using a numerical optimization procedure, and by Chapman and Child,®
who have derived adiabatic RKR potentials from a semiclassical calculation of
predissociating vibration-rotation levels. The potential energy curve for the A 0% state has
been recently re-examined by Bluhm and Tiemann using optical-optical double resonance

(OODR) spectroscopy.7 Parameterized expressions for the diabatic potential curves of the

X 126 and A 0" states have been given by several authors.5-10

Of the large number of higher—lying molecular states that correlate with I(2P32) and
the electronically excited Na(2Py, J = 1/2, 3/2) atom, Polanyi and coworkers! ! were the
first to identify the existence of a bound covalent state from an analysis of the far-wing
emission of predissociating Nal in the frequency domain. Subsequently, Bluhm ez al.
established the potential minimum of the C 0" state to lie some 1423 cm-! below the

dissociation limit from laser-excitation spec:tra.12

Femtosecond transition-state spectroscopy (FTS) has been applied to study the

predissociation dynamics of Nal in the first manifold of excited states in the time-resolved
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mode13'16:

Nal(x’ }:‘5 ) = [Na--1]#*(Q2= 0, 1) — Na(2S13) + I(2P3,2), (4.1)

Resonant wave-packet trapping that is due to the conical intersection between the A 0* and

+ . . .
Xl):.o states was observed in the time domain. In that work, the frequency V. of wave-

packet oscillations within the A 0" adiabatic well was carefully measured as a function of
the available energy E_ above the dissociation limit,!3"4 and was found to be in general
agreement with frequency-domain work.3 However, to perform an inversion of the time-

domain data to the form of the reactive potential-energy curve more information is required,

since measurements of V osc &8 @ function of the excess energy E,, coupled with application

of an RKR (or similar) procedure permit only the separation Ar(Eav) between outer and

inner turning points of the potential curve to be obtained. In order to determine the location

of the potential in configuration space, it is of course necessary to know the average

interfragment separation r as a function of E av» Which is usually accomplished by

measurement of the rotational constant B(E aV) of the molecule. Because of the short lifetime

of [Na---I]i* transition states within the A 0" adiabatic well (~ 10 ps, see Chapter 3),
however, it is not feasible in this case to determine B(E,y) from measurements of rotational
coherence in the time domain, such as have been carried out for I (B 3H()+u)17 and large
aromatic specics,18 for example. Instead, the energy-dependence of r is ascertained from
measurements of the vibrational period Tosc = 1/V o together with clocking of the wave-
packet motion as it propagates with time to longer r from the inner repulsive wall of the A
0" state. To undertake such measurements on Nal predissociation, a set of timing
experiments were performed, analogous in principle to those carried out for the direct
dissociation of ICN over a repulsive PES. 19 In addition, a simpler method of clocking the

reaction emerged during the course of these experiments, which takes advantage of the
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ability of FTS to probe the direction of motion of the [Na---I]i* wave packet prepared on

the bound A 0% state. 16

Figure 4.1 shows adiabatic potential-energy curves relevant to the study of

predissociation of Nal via the A 0" state by FTS. Potentials for the ground electronic state

El(r) X 128) and bound excited state E,(r) (A 0%), formed by mixing of the diabatic
potentials V2(r) and Vl(r) were obtained from the standard expressicmzoz

E, o(r) = 12{V,(r) + Vy(r) 2[(Vy(r) - Vy(r)? + 4V 5 (rf]12) (4.2)

For the diabatic ionic curve Vz(r) and coupling matrix element V12(r), the parameterized

9

forms put forward by Faist and Levine” are employed. The repulsive covalent state V,@®

was taken to be an exponential function of r, characterized by the parameters derived in this
work from an analysis of the experimental clocking data. Similarly, the anharmonic form of
E,(r) determined herein was used to describe the highest-lying electronic state populated by
the probe laser. Represented by vertical transitions are the laser excitation processes that
constitute the essence of the FTS technique. An ultrashort pump pulse at wavelength }‘1

promotes an ensemble of ground-state molecules to the predissociative potential E, (1),

where a wave packet comprising a coherent superposition of eigenstates is prepared that is

initially localized close to the inner turning point. A second ultrashort laser pulse at

wavelength A, probes the time evolution of the wave packet as it samples different spatial

coordinates on Ez(r) by further exciting the system to the potential E3 (r). The final wave

packet formed on E3(r) is monitored as function of pump-probe time delay T by emission

of atomic resonance fluorescence via the unresolved Na (2PJ - 251 s I =1/2, 3/2) D-line

transitions. Laser pulses with temporal durations of the order of < 100 fs ensure adequate

time resolution of the nuclear dynamics, yet are longer than the timescale for electronic
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dephasing (given by the inverse of the absorption linewidth).

In Section II of this chapter the experimental results are presented, while the method
of inverting the time-resolved data to obtain the excited-state potential functions involved in
probing the photodissociation process by FTS is outlined and applied in Section IIL.
Potential-energy curves derived from the new inversion procedure are compared with those
obtained from previously published investigations of the low-lying Nal states. Finally,
complementary quantum dynamical calculations of the behavior of [Na---I]i* transition
states at short times following initial excitation to the A 07 state are reported in Section IV,
which serve to confirm the general validity of the potential-inversion procedure. Section V

comprises brief concluding remarks.

II. Experimental Resuits

The experimental methodology of FT'S, as applied to the study of alkali halide
dissociation reactions, has been presented in detail elsewhere!* (see also the previous
chapter). Therefore, only a brief outline of the procedure adopted here is given, with most

attention focused on specific details pertinent to the current experiments.

Femtosecond laser pulses (FWHM = 100 fs) were generated in a colliding-pulse
mode-locked ring dye laser (CPM) at a wavelength of about A = 620 nm and were further

amplified by a four-stage pulsed dye-laser amplifier pumped by a 20 Hz Q-switched
frequency-doubled Nd:YAG laser. Tunable probe pulses (7L2 = 590 - 700 nm) were

obtained by focusing part of the amplified CPM output into a D,0 cell to generate a white-

light continuum, which was frequency-selected by an interference filter. Tunable pump

pulses 0‘1 =320 - 365 nm) were obtained by further amplifying a portion of the continuum

by the residual 532 nm light from the same Nd:YAG laser and frequency-upconverted by

second-harmonic generation in a KD*P crystal; pump pulses at A, =391 nm were
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obtained by sum-frequency generation through mixing the amplified CPM radiation (A =
623 nm) and the fundamental beam of the Nd:YAG laser at A = 1064 nm.

Pump and probe pulses were delayed in time relative to one another by means of a
high-precision Michelson interferometer. The two beams were then collinearly recombined
by a dichroic beam splitter and focused into a sealed quartz cell of length 8 cm containing
=100 mTorr of Nal when heated to about 650 °C.1* As a function of pump-probe delay
time, laser-induced fluorescence (LIF) was collected perpendicular to the incident pump
and probe light. The LIF was dispersed through a 0.34 m monochromator tuned to the
unresolved D-line emission of atomic Na at A = 589 nm, and detected with a

photomultiplier tube.

A set of timing experiments were carried out to determine the time duration T

between initial preparation of the wave packet on the covalent A 0F potential and its
subsequent detection by the probing laser pulse, as revealed by a maximum in intensity of
the FTS signal. Tp was systematically measured in this way for a fixed-pump wavelength
of A, = 310 nm and probe wavelengths in the range A, =600 - 700 nm. Figure 4.2
presents a schematic illustration of the experimental arrangement adopted to obtain such
data, while results are listed in Table 4.1. For these measurements an exact zero-of-time,
i.e., the delay time at which the pump and probe pulses were temporally synchronous, was
required. This was obtained by taking the temporal difference between the first peak of the
transient signal (obtained at off-resonance probe wavelengths)‘ and the cross-correlation
signal between the pump and probe beams, minus the dispersion between pump and probe
pulses introduced by the quartz window of the vapor cell. The uncertainty associated with

measurements of time zero was estimated to be £ 20 fs.

A direct and rather simple method of measuring the same time difference T, makes

use of the splitting of the observed intensity maxima at low pump frequencies. For these
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experiments, "high-resolution” data were obtained by numerically averaging 20 to 100 data
scans so as to facilitate a thorough examination of the transient lineshapes. As shown in
Figure 4.3, for a fixed-probe wavelength of A3 = 605 nm, the second and subsequent
peaks of the FTS transients become increasingly broad as the energy Eay available to the

oscillating wave packet is decreased, splitting into two distinct peaks for pump wavelengths

7\'1 2 330 nm. Similar behavior is depicted in Figure 4.4, which shows the effect of tuning
the probe wavelength from red to blue wavelengths approaching 7‘2 = 589 nm at a constant

photolysis wavelength of A, = 391 nm.

In order to analyze quantitatively the splitting data, the observed transients were fitted
to a sum of Gaussians by a non-linear least-squares fitting routine (see, for example,
Figure 4.5). First, an intuitive physical picture is presented by which these general trends
can be readily understood. Figure 4.5 defines the splitting time 7 as the difference between

the two doublets of the second (and subsequent) maxima of the FTS signal. (Also shown is

the oscillation period 1 osc> Which can be inferred from fitting of the experimental splitting

+
data.) The wave packet is initially promoted from the ground electronic state X 120 to the

inner repulsive branch of the adiabatic potential E,(r), where it proceeds to propagate
towards largerr. A time T, later, the wave packet reaches the center of the optically-coupled

region (or detection "window") projected onto the reactive potential by the probe pulse at a

distance r,. At this position, l2 1s in resonance with the energy separation between the A

0" and higher-lying fluorescent states, resulting in the appearance of the first peak in each

of the FTS transients. As time proceeds, the wave packet continues to propagate towards

longer r until it reaches the outer turning point r out ©f the attractive branch of E,(r); at the
distance r_(wherer, <r, < r,,) @ fraction of the original population is lost via the partial

avoided crossing to the exit channel leading to Nal(zs1 /2) + I(2P3 /2) atoms. Atr out the wave

packet is reflected to shorter r, re-entering the optically coupled region once again, and

giving rise to the leading (earlier) maximum of the doublet structure that follows the initial
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peak in the FTS signal. The later-time maximum of the doublet arises from passage of the
wavefunction towards longer r as the [Na--I]** transition-state undertakes its second
round trip within the A 0* adiabatic well. If the excess energy E__ is large, then the group
velocity of the wave packet is sufficiently great so as to render the spacing between the two
maxima of the doublet unresolvable with probe-pulse widths of the order of 100 fs.
However, at lower excess energies, where the group velocity of the wave packet is slower,
the peak-to-peak spacing is large enough to result in splitting of the second-intensity
maximum into a doublet structure as illustrated in Figure 4.3. By the same reasoning,
tuning the probe laser to shorter wavelengths is equivalent to shifting the detection window
to larger internuclear separations, therefore creating sufficient temporal spacing to resolve

the bidirectionality of the wave packet motion.

The splitting time T of the transient peaks therefore constitutes a direct measurement
of the round-trip time for the wave packet trapped within the A O+ adiabatic well to
propagate from the probe window to the inner turning point of the potential and return to

the probe window again, i.e., 2Tg. Values of Ts determined from the splitting

measurements are presented in Table 4.2, while the oscillation periods Tosc AT€ given in

Table 4.3.
III. Inversion to the Potential Energy Curves

In this section, the experimental data presented in Section II are employed to
obtain the potential-energy curves relevant to measurements of Nal photodissociation by
FTS, namely, those for the intermediate A 0% state (Ez(r)) and fluorescing state (E3(r))
displayed in Figure 4.1. The method of the potential inversion is based on classical
trajectory calculations and makes use of the phenomenological description of

photodissociation processes in real time put forward by Bersohn and Zewail %!
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Before the classical inversion procedure itself is described, however, the validity
of the classical description in representing the motion of [Na---I]i* wave packets within
the A 0" adiabatic well is established. Generally, the classical approximation is good if
the following two conditions are satisfied®?: The mean values of physical quantities such
as average position and velocity follow closely the law of classical mechanics; and the
dimensions of the wave packet are small compared to the characteristic dimensions of
the problem and remain so during the concerned course of time. In the case of Nal
excited by a coherent laser pulse 100 fs in duration, the second condition is satisfied
within the first few periods of vibrational oscillation, when the spread of the wave
packet is not signiﬁcant.15 In order to verify the first condition, both quantum and
classical trajectories have been calculated and compared at an excitation wavelength of
7»,1 = 350 nm. Using the potential functions cited by Rose et al.,'* the agreement
between quantum and classical values of the mean position of the promoted wave packet
in the A 0" state is found to be excellent except in the region close to the inner turning
point on the repulsive wall, where the classical trajectory penetrates to shorter distances
by some 0.2 A (see figure 4.6). It may be concluded therefore that the classical

approximation provides an adequate description of the transition-state dynamics within

the first 3 ps following initial excitation of the wave packet to the excited A 0% state.

In Sub-Sections IIL.1 - II1.3 following, the repulsive limb of the A 0% potential is

first determined, followed by inversion to the complete adiabatic potential-energy curve.

From the A 0F potential so derived and the values of T s listed in Table 4.1, the potential

function for the high-lying state that correlates with Na(2PJ) + I(2P3 /2) atoms is then

obtained.

III.1 The Repulsive Branch of E(r)
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The repulsive branch of the A 07 potential has been studied by several research groups

employing different techniques.2’8’9 An exponential form for the repulsive diabatic

component V,(r) of the adiabatic potential E,(r) given by:
Vy(r) = A-exp[-O4r-r,)] (4.3)

has been proposed by van Veen er al., with parameters A, O and rg deduced from the
results of the photofragmentation spectroscopic study carried out by these authors.Z
Although it fails to include a term for long-range van der Waals attraction, the main features
of the absorption spectrum of Nal can be adequately accounted for by Equation (4.3). For

this reason, an exponential representation of the diabatic V,(r) potential has been widely

adopted in the literature, including recent time-dependent quantum—dynamicrf.ll23 and

16,24

classicall® simulations of reaction (4.1).

In this chapter, Equation (4.3) for the repulsive branch of the A 0" potential is

employed with A, O and I, to be determined from the inversion procedure. In order to

minimize the number of variable parameters, however, values of A and I, are fixed at

0.813eV and 2.7 A, respectively,z’3 14 leaving only the inverse-length parameter Ot to

float. The dissociation energy De of this repulsive curve is chosen to be 3.15 eV, an

average of recent literature values.>% The justification for fixing A, 1y and De is that

these quantities have been determined fairly accurately from existing spectroscopic

techniques.z’3 For example, A and 1, are determined largely by the location of the
absorption maximum. ., on the other hand, which reflects the steepness of the repulsive

wall, is determined by the width of the absorption peak profile; owing to hot-band

contributions to the absorption spectrum, it is a much less accurately known parameter. The

effect of including a -C6/r6 term in Equation (4.3) has also been investigated, and it is

found (as expected) that a shallow van der Waals well of depth 323 cm! located atr = 4.17
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A does not affect the timing of wave-packet motion on the A 0% potential within

experimental uncertainty.

For the ionic ground state X 128 , the diabatic Rittner-type potential first suggested

by Faist and Levine’ is employed, since it has a simple analytical form and has been widely

adopted in the literature by other authors. It is noted, however, that this form deviates
slightly from the RKR turning point data for the X 126- state given by Tiemann and

coworkers.3 In order to test the robustness of the Ez(r) potential derived from FTS
experiments to the choice of ground-state potential, the inversion procedure outlined below
has also been applied using the potential function determined from spectroscopic

measurements in the frequency domain.> In this case, the value of O so derived is slightly

smaller than that obtained, assuming a Rittner-type potential for the XIZ(-; state (see later).

To determine the time evolution of a single classical trajectory over an exponentially

repulsive potential, the approach put forward by Bersohn and Zewail?! is invoked. For a

particle whose initial coordinate is r, (determined by the pump-laser pulse) at time t = 0, the

time taken to reach the position r, (i.e., the center of the probe window), is given by the

equation:

=

1, J1+N1-exp(-adr) } 44
Qv 1 - \/ I - exp(-0Ar)

where Ar = 1,-r andv=QE, ‘/u)lfz is the terminal recoil velocity of a particle of reduced

mass Kl in the center-of-mass frame. In the limit that OLAr >> 1, this expression can be

further simplified to:
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Ar 1
t=—+—" [n4, 4.4'
v iy (449

so that after a time T the system will arrive at the position r, given by:

ry=r;+Vvi- [In(4)/C]. (4.5)

In the femtosecond pump-probe experiment on Nal, a coherent wave packet is

prepared by the pump pulse at rl(kl) on the repulsive wall, which then oscillates within the
A 0" -state potential well. The time taken for the wave packet to reach the optically coupled
region centered about the internuclear separation r2(7»2) depends on rl()‘l)’ r2(7L2) and the

shape of the potential Ez(r) between these two points. If r2(7»2) is kept constant and r1(7\.l)

is varied over a range of values, then it is possible to sample different points on the

repulsive branch and gain specific information about its shape by measuring the time

required to reach the probe window as a function of the pump wavelength ?»1.

We now focus attention on one set of splitting data, namely, that obtained at a fixed
probe laser wavelength of A, = 605 nm. The pump wavelength was varied from A, =310 -
391 nm, and the splitting time Ts deduced at each wavelength. As pointed out in Section II,
half of the splitting time corresponds to the propagation time of the wave packet between
rl(kl) and r2(7»2). For any given pump wavelength, rl(kl) can be determined for a given a
value, as can the available energy E,y. If a classical trajectory is propagated from an initial
coordinate rl(ll) and allowed to evolve for half of the splitting time, it will reach a certain
position, which is designated as r'z(Kl;OL). The procedure is then repeated for all the other
pump wavelengths 7Ll, thereby generating a set of r'2(7»1;(1) values. If the value of ¢ is
properly chosen, the deviation of each r'y(A,;0t) should be very small for different values

of rl(kl), because all the r'2(ll;a) values so derived correspond to the same central
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position rz(}‘z) of the detection window defined by the spectral bandwidth of the probe

laser at A2 = 605 nm. In this way, the optimal value of O is determined to be 2.5 A-1, using
the analytical form of the ground-state potential presented by Faist and Levine,? smaller
than the result 0 = 4.088 A™! derived from photofragmentation spectroscopy2 but
consistent with other literature values® (see Table 4.4 for a listing of the results from this

inversion and Figure 4.7 for a comparison of the trajectories from different t's).

The result & = 2.5 A™} obtained for 7\.2 = 605 nm also gives good overall agrecrhent
with two other sets of splitting data obtained at probe wavelengths }‘2 = 620 and 640 nm.
Using Equation (6) together with the value of a determined above and the T ; data listed in
Table 4.1, it is then possible to deduce r2(605 nm) = 6.5 A, r2(620 nm) = 5.6 A and

r2(640 nm) = 5.0 A for rz(kz) at each of these three probe laser wavelengths. These data

will prove to be crucial in determining the shape of the C 0% potential-energy curve (see

later).

As has been noted at the beginning of this subsection, the Rittner-type ground ionic-
state potential surface for Nal as first suggested by Faist and Levine® deviates slightly from
the potential obtained by spectroscopic data via an RKR inversion pr«oce:dure:.3 A "close-
up" look of these two ground state PES's is shown in Figure 4.8; also shown in this
figure is an analytical form of the PES obtained by a numerical optimization procedure,
based on the RKR points provided by Schaefer ez al 3 Even thou gh the differences among
all the potentials are rather minor on a global scale (see figure 2.4), there is significant
disagreement near the minimum of the potential. For example, the minimum of the Faist-
Levine potential is located at 2.67 A, while the experimental value is at 2.71 A; the
fundamental vibrational frequency is predicted by the Faist-Levine potential to be 280
cm’l, vs. 260 cm’l, the experimental value. The numerically optimized potential deviates

from the RKR points significantly too, especially on the inner limb of the potential.
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To explore the effects of the different ground-state potentials on the inverted potential
and thereby to test the robustness of the inversion procedure, the RKR points are fitted to a
Morse potential for the first 5000 cm’! with a non-linear least-squares fitting routine, then
this Morse potential is used as the ground-state potential, the starting point for the

Lis adapted from Schaefer er al3 to

inversion. The dissociation energy of 25556 cm’
determine the excess energy, in conjuction with the Morse potential. The results from such
inversions are summarized in Table 4.5. As can be seen from this table, the results are
identical with those obtained from the Faist-Levine ground-state potential within our

experimental uncertaintities.

The central point in the inversion procedures is the determination of excess energy at
a given pump wavelength. For the inversions carried out so far, the excess energy is
calculated by finding an internuclear separation where the difference between the ground-
state potential (either the Rittner-type or the Morse-type) and a trial upper potential is
matched to the pump wavelength, and then the excess energy is determined by the amount
of energy the trial upper curve has above the dissociation limit at this particular internuclear
distance. This is equivalent to finding the location for the maximum Franck-Condon factor
for the selected pump wavelength. The differences in the vibrational populations of the
ground state that are due to Boltzmannn distributions are therefore totally ignored. To
remedy this oversimplification, the contribution of Boltzmann and Franck-Condon factors
is combined in the following way to determine the excess energy for a given pump

wavelength:

<Ercess Moump)> = ;f( %" A pump! B9 VE(v”) / Zl A9 A ympB(7), (4.6)

where f(z", Kpump

ground vibrational state ¢.", while B(z") is the corresponding Boltzmann factor from 2"

) is the Franck-Condon factor for a pump wavelength of kpump from a
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(B(vi") = exp(-E(vi")/kT)). The summation is carried out fromi=0toi=19. The
Franck-Condon factors are determined by reflecting the ground-state vibrational
eigenfunction to the upper trial potential function, i.e., the Condon reflection method; the
ground-state vibrational wavefunctions and energies are obtained by solving the one-
dimensional Schroedinger equation of the Morse oscillator. The temperature used in the
calculations is 650 °C. The results from this semiclassical procedure for a number of trial
O values are listed in Table 4.6, which are very close to those shown in Tables 4.4 and
4.5, despite the more realistic and elaborate procedure employed to determine the recoil

energy.

One last factor that is considered in the inversion procedure is the effect of rotational
energy. At the initial position of the wave packet prepared by the pump pulse, which is
close to the equilibrium bond length of ground-state Nal, the rotational energy contained in
the wave packet can be expressed as J (J+1)h2/81t2u12. When the wave packet reaches the
optically coupled region, much of the rotational energy has been converted to translational
energy, since r has been stretched out quite far. However, the amount of rotational energy
released is relatively small compared with the vibrational excess energy. For example,
considering a pump wavelength of 360 nm and a median rotational quantum number 50,
the maximum amount of rotational energy that can be released is 300 cm’l; it is less than
8% of 3777 cm™!, the vibrational excess energy (Table 4.6, & = 2.0). The final velocity
with and without this rotational energy will differ by less than 3%, well within the
uncertainties of the experimental measurements. Thus, rotational energy is not expected to
have much effect on the velocity of the wave packet, where vibrational excess energy is the
dominant driving force. However, the thermal distribution of rotational states will induce
a distribution of arrival times for wave packets with the same vibrational energy but with
different rotational energies to reach the common probe window, therefore broadening

peaks in the FTS transients. This effect may be seen by comparing the quantum
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dynamically simulated (see Section [V) and experimentally observed transients.

II1.2 The Complete E,(r) (A 0F) Potential

Having obtained the repulsive branch, the oscillation periods of the [Na---I]i*
vibrations can be used to determine the separation Ar(E7) between inner and outer turning
points of the adiabatic well as a function of energy E,y above the potential minimum. To
this end, the classical inversion method recently presented by Bernstein and Zewail, for
inversion of data obtained by Femtosecond Temporal Spectroscopy to a functional form for

1,27

the controlling potential,“’ is employed.

For a known ground-state potential V2(r) and the repulsive branch of the A 0* state
derived in subsection III.1, the excess vibrational energy above the minimum of the A 0F
potential may be readily determined for a given pump wavelength: The available energy,
pump wavelength and corresponding oscillation periods are listed in Table 4.3. Using these
eight pairs of values of E,y and tog, the data points were fitted to a third-order polynomial

of the form:
ANE,) = 11154 x 10°-a)V!?[1 + ayla,b,V + ap, VP + ap V7)), (4.7)

where a; =909, a; = -1.1225 x 103, a,=-2.2019 x 10-6, ay=1.2802 x 109, b, =
0.6667, b, = 0.5333, and b3 =0.4571. a,is expressed in units of femtoseconds and V in
cm-l.

From the exponential form for the repulsive branch of the A 0* state given by

Equation (4.3), it is easy to obtain the equations:

F(E,) = ry- (110)In[V,(r AL 4.8)
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and
rz(Ez) = Ar(Ez) + r](Ez); 4.9)

which enable a complete adiabatic potential curve Ez(r) to be constructed. Tiemann and

coworkers have derived RKR potentials for the A 07 state from data obtained by high-

resolution absorption spectroscopy3 and OODR spectroscopy.7 An analytical form for the
same potential has also been providf:d.5 A comparison of Ez(r) derived by FTS with the

2357 i displayed in Figure 4.9. As can be seen from

shapes determined by other workers
this figure, the overall degree of agreement between the various potential functions is quite
good, except that the repulsive wall of the potential recently constructed from OODR
spectroscopic measurements on the A 0% state” is less steep and shifted to longer
internuclear separations (giving rise to a sharper minimum) than those determined by FTS,

photofragmentation spcctrosc:opy2 and a re-analysis5 of earlier absorption data.3 At large

interfragment distances, agreement is much closer. It is quite remarkable that the 1/r
dependence of the outer branch of the Ez(r) potential that is due to Coulomb artraction is

recovered by such a simple classical inversion procedure.27

II1.3 The E3(r) potential

In subsections III.1 and 1IL.2, the potential-energy curve for the A 0" state has been

obtained from measurements of the doublet splitting T_and oscillation periods T osc Jiven
this result, values of T_ and T, may be further employed to derive the form of the potential

function E3 (r) for the fluorescing state accessed by the probe laser.

From the splitting data alone, we know that at 6.5 A, the potential difference between
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the potentials E2(r) and E3(r) is 16529 cm'l, corresponding to 7»2 = 605 nm,; similarly, at
5.6 and 5.0 A the potential difference is 16000 cm-! (7»2 =625 nm) and 15625 cm-1 (7\.2 =
640 nm), respectively. Since the A 0% state is known and the asymptotic potential
difference (long-r limit) is 16969 cm! (7»2 = 589 nm), this gives four points on the higher-
lying potential curve that are located on the outer (attractive) branch. From values of T,
listed in Table 4.1 for ?\.1 =310 nm, an additional seven points on the upper potential may

be determined as follows. The timing data obtained at this pump wavelength are effectively

a direct measurement of the difference potential AE(t) (= E3(t) - E2(t)) expressed as a

function of time, conversion of which to AE(r) is readily facilitated by means of the
trajectory r(t) resulting from excitation at 7»1 =310 nm; r(t) itself is computed by the

numerical integration method described in subsection II1.2. Since E2(r) is known, AE(r)

therefore yields E(r) at coordinate positions corresponding to the seven values of To- The

total eleven points can then be curve-fitted to the function form of a Morse potential curve:

Eyr) = D [1-exp(-(r-r i}’ - D,, (4.10)

yielding the results De = 1863 £ 210 cm-1, 1o = 3.99 £+ 0.08 A and p = 1.18 £0.10 A,
where the uncertainties represent 10 standard errors obtained from the non-linear least-

squares fitting routine. Repeating the above procedure for an intermediate E,(r) potential

that includes a long-range van der Waals well some 323 cm’! deep results in a Morse curve

for E3(r) that possesses a minimum some 600 cm! deeper but with values of T, and p that

are the same as those given above within the statistical uncertainty limits.

Polanyi and coworkers!! have employed an LIF technique to study the emission
spectrum of Nal during dissociation when excited to a high-lying state, believed to be C

0*, with a broadband excitation source.!? These workers derived parameters for a Morse

potential with a dissociation energy D, = 530 cm’! based on an analysis of the portion of
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the emission spectrum originating from bound states on the upper potential. A laser-
excitation investigation of the C 0% potential in the frequency domain has recently been

reported by Tiemann and co-workers.!? On the basis of RKR inversion of their

spectroscopic data, these workers reported a potential minimum of D, =1422.6£8.6 cm’!

for the C 07 state relative to the Na(zPJ) + I(2P3 /2) asymptote and an eqilibrium bond

distance of re = 3.30673 £ 0.00054 A. Although the value of De = 1863 cm-1 reported here
is somewhat larger than that obtained by high-resolution spectroscopy, a well depth of only
~ 530 cm-! would certainly not explain the splitting data obtained as a function of probe
wavelength at different photolysis energies as determined in this study (see Section IV).
Figure 4.10 offers a diagrammatic comparison of the potential energy curve for the
fluorescing state determined by FTS with those for the C 0" state derived from frequency-

resolved measurements. 11,12

IV. Quantum Dynamics

In this section the experimental clocking and splitting data in terms of the wave
packet dynamics representing [Na-~I]** transition states on the electronically excited A 0*
potential are discussed. In an attempt to simulate the FTS experiment and to provide a
justification of the potential inversion procedure presented in Section III, second-order,
time-dependent perturbation theory is invoked to calculate the transient behavior arising

from motion of [Na---I]i* wave packets within the adiabatic potential well E,(r) (see Figure

4.1).

IV.1 Theoretical Approach

For weak transform-limited pump and probe laser pulses, the wavefunction I\|J3(t)>

created on the final (fluorescent) potential E3(r) is given by the well-known perturbation-
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theory expressionzs:

t 12
JW5(0)> = (k2 [dty [dt, Ty(t-0,)U ()T (11 YU (5 Jexpl-i £ )1 9,5 4.11)

where the electric-dipole approximation is assumed for interaction of the molecule with the

two laser pulses. The operators T,(t) = exp(-1H;t) propagate the three wavefunctions I\;i(t)>
(i=1,2,3) on the ground-state E(r), intermediate E2(r) and final V3(r) potential-energy
curves as a function of time. The H, are Hamiltonian operators appropriate to the three
potential functions. The time-dependent perturbations caused by the pump and probe laser

pulses are represented by the operators:
Uij(tk = ﬂlj(r) * Ek(tk)gk(tk) . (4.12)

where k labels the laser pulse that couples electronic states li> and |j> optically . It is

assumed that the Condon approximation is valid for variation of the transition-dipole

moment operéltors ]J.ij(r) with Na--I separation coordinate r. Ek(tk) is the electric field
strength of the radiation field that is due to the kth laser, the temporal lineshape g, (t,) of
which is taken to be Gaussian with a FWHM = 100 fs for both pump (k = 1) and probe (k

= 2) pulses.

The wavefunction Iy,(t)> prepared on the adiabatic potential E,(r) at atime t, by the

pump-pulse perturbation U, (t,) consists of a superposition of vibrational eigenstates

whose relative contributions are determined by the frequency and temporal duration of the

pump laser and appropriate Franck-Condon factors. At 7»1 = 320 nm, the photolysis

wavelength employed in these calculations, absorption of a pump photon by the ground-

state wavefunction Iy, (t)> results in preparation of an initial wave packet [W,(1)> on EA(r)
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with available energy E_ above the covalent dissociation limit leading to Na(%S 1+
I(2P3 /2) atoms. At this excitation energy, the pump pulse prepares I\, (t)> essentially at the
classical turning point of E,(r) with no tunneling through classically forbidden regions of
configuration space. The higher-lying potential E,(r) is populated by the probe-pulse
perturbation U,4(t,) at time t,. Since it is not time-resolved, intensity modulations in the

fluorescence excited by the probe laser depend only upon the pump-probe delay time T

rather than on any coherence effects on E3(r), which are averaged out. The oscillation

frequencies observed in the time-resolved LIF spectra arise solely from the dynamics of the
wave packet Iwz(t)> on Ez(r); the signal intensity as a function of T, of course, depends
upon the topologies and relative locations of the three PES’s in configuration space

(reflected by different Franck-Condon factors); the (electronic) transition-dipole moments

between these surfaces, the probability for undergoing an avoided crossing from E,(r) to

El(r), and the laser lineshapes.

Ideally, the single ground-state eigenfunction of Equation (4.11) should be replaced

by the appropriate density matrix representing the thermal population distribution on E, (r)

at T = 650 OC. Franck-Condon overlap arguments, however, together with a Boltzmann

distribution of vibrational-state population, indicate that the lowest vibrational level of E, (r)
carries most intensity for absorption of a pump photon at 7‘1 = 320 nm. Therefore, the
initial wavefunction y1(t)> = exp(-iu)vtl)l(pv> is taken to be the Gaussian form of the v"
= () level of the ground electronic state comprising a nuclear eigenfunction I > with a

phase factor exp(-i®,t,).

IV.2 Wave-Packet Motion in the Time Domain

The simulation of the FTS experiment proceeds as follows. The v =0

eigenfunction of Nal in its X 120 electronic state is excited to the reactive E,(r) potential by
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interaction with a pump-pulse photon at A; = 320 nm. This is followed (or preceded) at a
_delay time T by promotion of '}/,(t)> to the fluorescing state by means of a vertical

transition induced by a probe photon: Two probe-laser wavelengths of A.z = 600 and 640

nm in this work are employed. As discussed in subsection III.1, the longer of these
wavelengths corresponds to probing the dynamics over a range of distances (determined by
the spectral bandwidth) centered about r = 5.0 A on the broad potential minimum of E,m,
while the shorter wavelength monitors passage of the wave packet atr = 6.5 A, closer to

the outer turning point.

The calculation carried out in here is close in spirit to those previously reported by
Engel, Metiu er al. for Nal predissociation.23 The split-operator method devised by Feit

29

and coworkers”” was employed to propagate wavefunctions using a discretized version of

Equation (1) (time-slice approximation) during the two laser pulses. lwz(t)> was allowed to
evolve over E,(r) for delay times up to T = 3000 fs. The adiabatic potentials E,(r) and Ex(r)
formed by mixing of the diabatic potentials V,(r) and V,(r) are given by Equation (4.2).

For E;(r), the Morse potential of equation (4.10) is invoked with parameters given in

subsection II1.3.

Since we are concerned only with the short-time behavior of the wave packet
dynamics (in particular the bidirectionality of the wave packet motion and the oscillation
frequency), leakage of the wave packet to form Na + I atomic products on E3(r) by means
of an avoided crossing between adiabatic curves at ryx = 6.93 A is not treated explicitly,
though it could be included to mimic more accurately the observed decrease in LIF intensity

with increasing time delay 7T as the population of species remaining within the adiabatic well

Ez(r) is depleted. In FTS, the time evolution of I\|12(t)> is monitored by detection of time-
integrated fluorescence from the wave packet Nl3 (t)> excited by the probe laser. This

emission is proportional to the probability density <\|l3(t)l\|l3(t)> for finding the system in

state 13> at a time t immediately following the probe pulse. Our simulated FTS data
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therefore consist of plots of <Y3(t)Iy3(t)> versus T.

Figure 4.11 displays FTS transients for the two probe wavelengths employed in our

calculations for pump-probe delay times T across the range -100 to 3000 fs. Both spectra

show vibrational oscillation of the wave packet with a period of T osc = 1096 fs, identical to
the experimentally measured value. Only at A, = 600 nm, however, is the splitting of the

second and third peaks into a doublet structure resolvable: The time between the two
doublets centered at T = 1096 and 2192 fs in Figure 4.11(a)is T $= 308 fs in both cases, in

reasonable overall agreement with the experimental result listed in Table 4.1. As pointed
out in Section II, the splitting time T, represents the time taken for the wave packet to travel

from its initial position at the classical turning point of Ez(r) to the center of the detection

window defined by the spectral bandwidth of the probe pulse. Although no doublet
structure is resolvable for the longer probe wavelength (and likewise in the experiment), it
may be noted that the maximum of the first peak shown in Figure 4.11(b) occurs after
some 77 fs. According to the analysis presented in Section II, this time should be half the

splitting time t; hence, the underlying splitting time in Figure 4.7(b) is T $ = 154 fs, in

accord with the experimental value listed in Table 4.1.

Calculations have also been carried out using the Morse curve for E3(r) postulated by

Bower eral.!! In this case, the experimental splitting data were not reproduced

satisfactorily to quantitative accuracy: Values of T, =202 and 96 fs were determined for 7\.2
= 600 and 640 nm, respectively. The period T__ remains unchanged at 1096 fs, however,

since the oscillation frequency depends only upon the shape of E, ().

Application of Equation (4.11) to solve for the nuclear motion of [Na---I]i* transition
states within a bound potential well has resulted in quantitative confirmation from quantum
dynamics of the validity of the potential inversion method outlined in Section III, at least

for a single pump wavelength. By extending the theoretical investigations to include
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computation of FTS transients at other photolysis energies, a more rigorous test of the
potential-inversion procedure may be undertaken, which would further allow the shapes of
the potential energy curves so derived to be verified, or of course otherwise, within the

limitations of the calculation.

V. Conclusions

In this chapter, a classical mechanical inversion procedure has been developed for
elucidation of potential-energy curves from measurements of transition-state dynamics in
the time domain for systems in which it is not possible to use conventional RKR
techniques. Application has been made to the predissociation reaction of Nal, enabling
potential functions for two electronically excited states (A 0% and possibly C 0%) of Nal to

be determined from FTS clocking experiments.

Overall, the adiabatic potential for the A O* state derived in this way is in close accord
at long internuclear separations with the results of spectroscopic measurements carried out

2357 agreement is less satisfactory, however, at short distances

in the frequency domain;
in the region of the inner turning point. For the highest-lying state accessed in FTS
experiments, the potential-energy curve so derived possesses a deeper minimum at a larger
equilibrium Na--I bond distance than those for the C 0% state determined by laser-
excitation spectroscopy12 and the high-lying state analyzed by broadband excitation of

Ll Time-dependent quantum dynamical calculations of the behavior of

predissociating Na
[Na---I]i* transition states within the A 0+ adiabatic well generate simulated transients that
offer quantitative support to the form of the potential-energy curves derived from FTS

experiments.
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VII. Tables

Table 4.1

Time TO for a wave packet on the adiabatic potential E2(r) to reach the center of the
optically-coupled region projected on E,(r) by a probe laser of wavelength 7&2 (pump
wavelength A, =310 nm).

A/nm Ty/fs
600 118
623 96
642 66
652 28
662 22
676 35

698 43
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Table 4.2

Splitting time T_between the doublet intensity maxima of the second and subsequent peaks

of FTS transients at different pump and probe wavelengths.

A /nm A,/nm

600 623 642 662
310 305
320 326 233 150
330 343 262 180
340 351 241 229 173
350 367 278 242 189
355 373 289
360 373 314 260
365 374 313

390 431 355 269
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Table 4.3

Vibrational periods T . of [Na---I]i* transition states trapped with the adiabatic well E,®

as a function of pump wavelength )\1. Eav 1s the excess energy available to [Na---I]i*

vibration calculated as the difference between the photolysis energy and Nal dissociation

energy.
ll/nm Ea\/c:m'1 T, /fs
310 6852 1281
320 5844 1095
330 4897 1009
340 4005 991
350 3165 959
360 2371 936

390 235 915
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Table 4.4
Results of potential inversion based on the Rittner-type potential

A. Recoil energies in cm’! for different ot values:

xpump(nm) o=1.0 a=2.0 o=2.5 a=3.0 o=4.088

320 6053 5950 5933 5904 5800
330 5588 5262 5171 5158 5131
340 5158 4667 4563 4440 4357
350 4858 4223 4027 3879 3700
355 4714 3977 3805 3653 3409
360 4575 3821 3599 3415 3142
365 4460 3671 3381 3192 2895
391 3918 2888 2550 2294 1924

B. The internuclear distances (A) reached after T J/2 at 605 nm probing:

kpump (nm) a=1.0 o=2.0 o=2.5 o=3.0 a=4.088

320 5.84 6.46 6.58 6.66 6.77
330 5.98 6.48 6.58 6.65 6.74
340 5.98 6.38 6.46 6.48 6.53
350 6.11 6.41 6.43 6.43 6.42
355 6.12 6.38 6.39 6.37 6.33
360 | 6.06 6.32 6.30 6.26 6.19
365 6.08 6.25 6.22 6.18 6.09
391 6.57 6.48 6.35 6.21 5.96
Average 6.09 6.40 6.41 6.40 6.38

Stan. dev. (1o) 0.21 0.08 0.13 0.19 0.29
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Results of potential inversion based on the Morse-fitted RKR potential

A. Recoil energies in cm’! for different O values:

a=1.0

A pump (M)

320
330
340
350
355
360
365
391

5874
5342
4956
4621

4462

4330
4202
3644

a=1.5

5772
5120
4609
4212
4027
3850
3681
3015

a=2.0

5758
5006
4400
3938
3708
3527
3337
2600

a=2.5

5715
4919
4287
3736
3510
3275
3075
2238

oa=3.5

5700
4870
4088
3492
3200
2920
2733
1780

B. The internuclear distances (A) reached after T s/2 at 605 nm probing:

Abump(nnﬂ
320
330
340
350
355
360
365

391

Average

a=1.0

'5.80
5.92
5.94
6.05
6.05
6.02
6.01
6.47

6.03

Stan. dev. (1) 0.20

o=1.5

6.20
6.25
6.20
6.26
6.24
6.18
6.14
6.45

6.24
0.09

o=2.0

6.41
6.41
6.30
6.31
6.26
6.19
6.13
6.33

6.29
0.10

a=2.5
6.52
6.49
6.35
6.31
6.26
6.15
6.08
6.16

6.29
0.16

o=3.5
6.70
6.60
6.38
6.29
6.20
6.05
5.98
5.87

6.26
0.29
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Table 4.6
Results of the inversion procedure based on the Morse-fitted potential and the combination
of Boltzmann and Franck-Condon factors.

A. Recoil energies (cm'l) for different O values:

A pump (nm) a=1.0 a=2.0 oa=2.5 =30  @=4.088

320 6305 6069 6060 6050 6040
330 5688 5330 5262 75209 5149
340 5219 4769 4608 4506 4380
350 4882 4301 4069 3917 3716
355 4735 4040 3810 3659 3421
360 4601 3777 3614 3423 3151
365 4482 3723 3393 3199 2904
391 3920 2979 2636 2322 1911

B. The internuclear distances (A) reached after T s/2 at 605 nm probing:

xpump(nm) o=1.0 o=2.0 a=2.5 a=3.0 a=4.08

320 5.89 6.50 6.62 6.71 6.82
330 6.00 6.51 6.61 6.67 6.74
340 6.00 6.42 6.47 6.50 6.54
350 6.11 6.45 6.45 6.44 6.43
355 6.12 6.39 6.39 6.38 6.33
360 6.09 6.29 6.30 6.27 6.20
365 6.08 1 6.29 6.23 6.18 6.09
391 6.57 6.53 6.40 6.23 5.97
Average 6.11 6.42 6.43 6.42 6.39

Stan. dev. (16) 0.20 0.09 0.14 0.20 0.30
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Figures

Captions:

Figure 4.1

Low-lying potential energy curves relevant to FTS investigations of N al

predissociation. A thermal distribution of molecules is promoted by a pump pulse at

wavelength )‘1 from the ground-state potential E, (r) to the predissociative potential

Ez(r), which correlates adiabatically with Na+(1SO) + I'(ISO) ions. The wave packet

formed on E3(r), comprising a distribution of eigenstates determined by the spectral

profile of the pump laser, oscillates within the adiabatic well with diminishing

amplitude as a fraction prof:eeds to neutral Na(ZS 1 /2) + I(2P3 /2) products via an
avoided crossing to the E,(r) continuum. A probe pulse at wavelength I monitors
the dynamics of the wave packet on E,(r) every time it enters the resonant
absorption region by excitation to the higher-lying potential E,(r), from which time-
integrated Na(zPJ - 281 /2) fluorescence is detected. In this diagram, 7‘1 =320 nm

and )‘2 = 640 nm are shown for illustration.

Figure 4.2

Schematic representation of the experimental configuration adopted for clocking
experiments of Nal predissociation. The probe pulse is delayed in time relative to

the pump pulse before the two are focused into the reaction cell containing Nal.

The cross-correlation of the pump and probe pulses was measured at point A by
deflecting the beams through a KD*P crystal and detecting the frequency difference
signal as function of pump-probe time delay. By translating the vapour cell out of
the optical path and recording the cross correlation at point B, the dispersion
between the pulses that is due to the quartz window could be measured,
corresponding to one half the difference between the two cross-correlation signals. A

similar correction for dispersion from the KD*P crystal was also made. When these

4
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corrections were subtracted from the cross-correlation signal, time zero was

obtained to within + 20 fs.

Figure 4.3
Experimental transients obtained at different pump-laser wavelengths. Graphs of LIF

signal intensity (arbitrary units) versus pump-probe time delay T (ps) recorded at a

probe wavelength of A, = 605 nm and pump wavelengths ranging from from 310 nm
2

to 390 nm.

Figure 4.4
Experimental transients obtained at different probe-laser wavelengths. Graphs of LIF

signal intensity (arbitrary units) versus pump-probe time delay T (ps) recorded at a

pump wavelength of &, = 391 nm and various probe wavelengths as labeled.

Figure 4.5
Typical FTS data with non-linear least-squares fit shown as a solid curve. Graph of

LIF signal intensity (arbitrary units) versus pump-probe time delay T (ps) showing

the splitting time T_ between observed intensity maxima (other than the initial peak)

and the average oscillation period tosc of the wave packet trapped within the

adiabatic well E2(r).

Figure 4.6
Comparison of quantum and classical trajectories of Nal internuclear separation as a

function of time. The pump wavelength is at 350 nm. See text for details.

Figure 4.7

The effects of different choices of the repulsive range parameter O on the classical
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trajectories R(t) at various pump wavelengths. The solid dots represent the

internuclear separations reached after T J2 at a probe wavelength of 605 nm. For an

O parameter that is consistent with the experimental results from the splitting time T

measurements, the solid dots should be on a horizontal line (see text for detailed
explanations). When an O value is too small, the line tilts up, implying that the
recoil energies for long pump wavelengths are overestimated. A too large O value

shows the opposite trend.

Figure 4.8
Comparison of different ground-state potentials for Nal. The potentials are
shown for only the first 5000 cm’! above the minimum in order to focus the attention
on the region around the equilibrium bond length. For a global comparison, see

Figure 2.4.

Figure 4.9
Comparison of potential-energy curves for the A 0t electronic state of Nal. Plots of
potential energy E3 (103 cm-1) versus Na--I bond distance (A):
——  FTS (this work);
--------- :  photofragment spectroscopy (Ref. 2);
——————— :  absorption spectroscopy (Ref. 3);
————: numerical optimization (Ref. 5);

— OODR spectroscopy (Ref. 7).

Figure 4.10

Comparison of potential-energy curves for the C 0* electronic state of Nal. Plots of

potential energy E3 (103 cm-!) versus Na---I bond distance (A):

——  FTS (this work);
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_______ :  far-wing emission (Ref. 11);

xxxxxx: laser excitation spectroscopy (Ref. 12).

Figure 4.11
Transient behavior calculated by quantum dynamics. Graphs of the norm of the

wavefunction I/3(t)> created on E3(r) by action of the probe laser versus pump-

probe time delay T for a pump wavelength of )‘1 =320 nm and two probe

wavelengths: (a) }‘2 = 600 nm; (b) 7»2 = 640 nm. Both transform-limited laser

pulses have Gaussian temporal profiles of FWHM = 100 fs, and values of

<Y5()IY5(t)> are normalized with respect to the maximum intensity of the earliest

peak shown in (a).
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Pump tuning: A, =605 nm
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Probe tuning: A ,,.=391nm
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Chapter §

Long-Time Behavior of Wave-Packet Motion in

the Dissociative Reaction of Nal
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I. Introduction

In the last two chapters, real-time dynamics of the wave packet motion in the
dissociative reaction of Nal were considered in detail. The timescale involved was from
100 fs to 10 ps, in which a number of important aspects of the wave-packet dynamics were
discussed, including dephasing, population decay induced by the Landau-Zener curve
crossing, and the coupling matrix element in Chapter 3, and direct inversion to the relevant

potentials in chapter 4.

In this chapter, the main focus will be shifted to the long-time behavior of the wave-
packet motion in the predissociation reaction of Nal — Na + . By "long time," the
timescale of interest is up to 40 ps; in other words, the long-time behavior refers to the
wave-packet dynamics after many oscillations, as opposed to only the first few oscillations
considered in two previbus chapters. As will be seen in the following sections, there are
some unique and interesting features of the wave-packet dynamics on this timescale that

were neither anticipated, nor easily explainable.

The remainder of this chapter is organized as follows: The next section presents
experimental observations on the long-time behavior of the wave-packet dynamics,
followed by discussions about the possible mechanisms that are responsible. This chapter

is summarized in the last section.
II. Experimental Results

The experimental setup for observing the long-time dynamics of wave-packet

evolution was identical with the arrangement described in Chapter 3. The only differences
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in procedure were that a typical transient considered in this chapter covered about 40 ps
delay time compared to about 10 ps as discussed in Chapter 3, and 4 ps in Chapter 4, since
the long time dynamics were the main focus here; longer averaging times were also
required in order to obtain a very high signal-to-noise ratio as needed in the FTS transients,

since much of the signal has decayed at such long delay time.

Figure 5.1 shows the experimental transient with a pump wavelength of 310 nm
and a probe wavelength of 620 nm. As can be seen from the upper panel of this figure, the
quantum-beat pattern (periodic oscillations) exhibits a prominent recurrence feature around
30 ps. The lower panel shows an augmented version of those recurrence peaks. The
observation of this interesting feature has been previously published, along with a simple,
preliminary theoretical model.! Chapman and Child presented a more elaborate
semiclassical model to explain this recurrence.” More recently, Meier, Engel, and Briggs
addressed the recurrence problem by a fully quantum-dynamical method.> Even though the
calculations carried out by these workers differed in many ways, the underlying physical

principles and the main conclusions were essentially the same (see later).

Since the publication of Ref. 1, more experiments have been carried out to explore
the effects various experimental parameters may have on the long-time recurrence behavior.
In this section, a complete account of the new experimental observations of these long-time
recurrences is given, including power dependence, polarization dependence, and pump
wavelength dependence. The theoretical aspects of this work, especially the contributions

by Chapman and Child? and by Meier, Engel, and Briggs3 are deferred to the next section.

At the pump/probe combination of 310 nm and 620 nm, the power of the pump and
probe beams was varied by a factor of 10; no appreciable change in'the waveform of the

long time transient was observed. From this observation, we can conclude that the
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recurrence is not caused by non-linear optical processes like Rabi-cycling or multiphoton
absorption. Furthermore, the polarization of the pump and probe beams was also varied
such that the polarization directions of pump and probe beams were either parallel or
perpendicular to each other, no discernible change in the overall waveform and the phase of
the recurrence peaks was observed either. Thus, the recurrence is not due to rotational

alignmcnt.4

While the probe wavelength was fixed at 620 nm, the pump wavelength was varied
from 295 nm to 330 nm. The corresponding transients are displayed in Figures 5.2 and
5.3. At 330 nm or longer wavelength, the oscillations in the transients decay smoothly and
recurrences are essentially absent. At 325 nm, a group of weak recurrence peaks appeared,
centered around 30 ps. When the wavelength was further tuned to the blue to 321 nm, the
transient had very strong recurrence peaks, and there is only a "node" between the
recurrence oscillations and the early decaying oscillations. It is interesting to note that the
overall envelope of the recurrence peaks is symmetric; it becomes noticeable around 20 ps,
grows in gradually and reaches a maximum around 30 ps; after 40 ps, it becomes

unnoticeable again.

When the wavelength is tuned to an even shorter wavelength than 321 nm, the
recurrence peaks are always present. However, the relatively "flat "region between the first
group of decaying oscillations and the second group of recurrence oscillations increased as
the pump wavelength was decreased. When a close inspection is focused on the "flat”
region, it turns out to be rather chaotic around both end regions that are neighboring the
two groups of periodic oscillations; while the middle part displays an oscillation of very
small amplitude, the frequency of this oscillation is exactly twice of the fundamental
frequency. The overall envelope of the recurrence signal remained symmetric; its number

of peaks was approximately twice the number of the initial damped oscillations.



137

To demonstrate the effects of fine-tuning the pump wavelength, Figure 5.4 shows
three transients with pump wavelengths 1 nm apart, centered around 321 nm. As can be
seen from this figure, the recurrence peaks are present in all the transients, and the overall
appearances of the transients are quite similar. This will be a critical test in evaluating the

merits of different theoretical models.
ITI1I. Discussions

Recurrences of wave-packet evolutions have been observed experimentally in

3 as well as in atomic systems (Rydberg wave packcts)6

bound molecular systems
previously. The origins of these recurrences (or "revivals," as called by physicists(’) are
the anharmonicities in the eigen-energy spectrum. Consider a Morse oscillator as an
example, if a coherent vibrational wave packet is formed in the bound Morse potential with

its energy spread covering a number of vibrational eigenstates, its wave function can be

expressed as a superposition of vibrational eigenstates:

W(R1) = 2, A @ (R)exp( -i27E tih), (5.1)
n

where R is the displacement coordinate, @ (R) is the nth vibrational eigenfunction with E,

being its energy eigenvalue, and A, is the amplitude that is determined by the preparation

process, i.e., transition dipole moment and laser spectral profile. Initially, all the frequency
components are in phase, so the wave packet will oscillate from one turning point to the
other with a period 7 determined by the average energy spacing of vibrational eigenstates
that compose the wave packet, where T equals the inverse of the average frequency spacing

v(T = 1/v, v, = dE /dn). However, the vibrational spacing in a Morse potential well is not

uniform because of the anharmonicity; thus, the wave packet will become more and more
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delocalized when the different frequency components gradually get out of phase with each
other. When t =AT /2, the spread of the wave packet will reach a maximum, where AT is
the inverse of the anharmonicity constant, i.e., the difference in the vibrational spacings
(AT = 1/Av, Av,l = dZEn/an). In contrast, when ¢ = AT, all the frequency components
will be in phase again, just as when ¢ = 0. Thus, the wave packet in a Morse potential goes
through a complete dephasing and rephasing process when a time AT elapses. The revival
time for the atomic Rydberg wave packet can be treated similarly by considering its energy

spectrum.6

For the Nal case in hand, the situation is much more complex. The recurrence time
as predicted by the anharmonicity would be about 300 ps, which is 10 times longer than the
experimentally observed time.! Rotational recurrence time for Nal in the excited covalent
state is about 700 ps, not to mention the insensitivity of the recurrences peaks to the relative
polarizations of the pump and probe pulses, ruling out the possibility of rotational

alignment causing the recurrences. !

The key to understanding the origins of the recurrences in the photodissociation of
Nal, we believe, is to recognize the fact that the covalent state of Nal is neither completely
bound nor dissociative; rather, it is predissociative. The eigenstates of such a system have
finite, oscillatory lifetimes, as has been discussed in Chapter 2. To reflect this fact, Eq. |
(5.1) must be modified to include lifetime factors besides the purely imaginary phase

factors:
Y(R1) = 2, A @ (R)exp(-T t12)exp( -2miE, tih), (5.2)
n

where I is the lifetime of the nth eigenstate. With these ideas in mind, we simulated the

experimental transient with the following equationlz
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R
S(t) = sz /¥(R,1)[*3(R)dR, (5.3)
f |

where g(R) represents the "window" opened by the probe pulse and it is taken to be a
Gaussian with a width of about 0.5 A. I' , needed for this calculation was obtained from
Ref. 7, while the eigenfunctions were obtained by solving the one-dimensional
Schroedinger equation with the potential parameters listed in Ref. 11 (see Table 2.3) via a
Numerov-integration routine. Figure 5.5 summarizes the results from this theoretical
simulation. The physics behind figure 5.5 is quite simple; the initial pump pulse prepares a
wave packet that covers two sets of long-lived states spaced about 10 eigen levels, after
about 10 ps, the short-lived states have essentially decayed into free atoms, while the two
groups of long-lived states interfere with each other. Since the vibrational-spacing
difference between these two sets of long-lived states is about 1 e’ (10x0.1 eml=1

cm'l), the recurrence signal will occur at the inverse of 1 cm’!

,i.e.,~30ps. Another
factor considered in this simulation is the initial Boltzmann distribution of ground-state

vibrational levels. The upper panel of Fig. 5.5 shows the result of Boltzmann averaging.

Despite the apparent success of this intuitively logical model, it cannot explain the
pump wavelength dependence of recurrence signals. On the basis of this model, the
recurrence peaks will be observed only when the pump pulse covers two groups of long-
lived states with equal weights. If the wavelength is detuned by half of the spectral width
of the femtosecond pulse, the recurrence will disappear. Since we do not have a priori
knowledge about location of long lived states, it seems to suggest that the fact that we
observe recurrence signal is purely accidental. However, as Figure 5.3 shows, when the
wavelength is detuned £ 1 nm from 321 nm, the transients are essentially indistinguishable
from that seen at 321 nm. Another deficiency in this treatment was that only the vibrational
lifetimes for rotationless molecules was considered; the rotational Boltzmann distributions

were totally ignored. Child and his coworkers have pointed out that in a curve-crossing
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system, the lifetime varies with the rotational quantum number for the same vibrational
state.10 Since the essence of the theory proposed in Ref. 1 is about the distribution of
lifetimes, it is certainly not appropriate to represent the lifetimes of many rotational states
that belong to the same vibrational state by only one of their members, while the lifetime is

a sensitive function of the rotational quantum number.

To explain the recurrence in the predissociation of Nal, Chapman and Child
adopted a semiclassical treatment in which rotational distributions were considered
explicitly. The basic physics involved in this theoretical work is very similar to the one
discussed in Ref. 1, namely, the inhomogeneous lifetime distribution as a result of the
interaction between the two diabatic electronic states. These workers employed a simpler
approach to simulate the FTS transient than Ref. 1, the autocorrelation function of the time-

dependent wavefunction that composes of a superposition of vibrational eigenstates; i.e.:

S(1) = /<R, 1)/ (RO)> = ; JAJ? A [P cos(2mE-EJuh),  (5.3)
Js

where the decay-time constants are contained in the coefficients Aj and A,. By this

method, the FTS signal S(¢) is represented by the overlap integral between the time-
dependent wavefunction and the wavefunction at time ¢ = 0 (assuming that the vibrational
eigenfunctions are orthonormal). This is equivalent to probing the wave-packet motion by
monitoring at the position of its initial preparation. In the actual experiment, the probe
"window" is locatéd at longer r and the width is much broader; thus, the transients
simulated via this method may be shifted to earlier time and the peaks may be sharper than
the experimentally observed ones, but the overall characteristics of the experimental
transients like the oscillation period and Landau-Zener decay are faithfully reproduce:d.2

Even though the spatial dependence of the probe window is oversimplified, the efficiency
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gained in computing time outweighs the minor inaccuracies that it introduces.

Chapman and Child? computed the individual rovibrational linewidths through the

semiclassical theory developed by Child and coworkers!?

with the potential parameters
listed in Ref. 11 (see Table 2.3 in this thesis) and with hybrid-RKR potentials based on the
spectroscopic data reported by Tiemann and coworkers.” Then, these workers investigated
the effects of the pump-pulse wavelength and spectral width (i.e., pulse duration) on the
time dependence of the wave-packet propagation, which is described by Eq. (5.3). The
conclusion they reached was that in order to observe long-time recurrence, the pump
wavelength had to be centered around one group of short-lived states, and its width was
such that it would cover two sets of long-lived states. Chapman and Child also considered
the effects of rotational distribution by selectively averaging over the initial Boltzmann
distribution (T = 650 °C) with j =0, 10, ... 120. What they found was that the recurrence

time was shifted to ~ 20 ps from ~ 30 ps after such averaging, for both the potential cited

by Ref. 11 and the hybrid-RKR potential they derived (see Fig. 11 and Fig. 14 in Ref. 2).

Besides the same problem as faced by Ref. 1, i.e., that the wavelength dependence
was too sensitive, the results from selective Boltzmann averaging raise two questions: One
is why the recurrence time is shifted; the other is whether the recurrence signal will survive

a complete Boltzmann averaging.

Very recently, Meier, Engel, and Briggs3 addressed this recurrence problem with a
time-dependent quantal dynamical calculation. The methodology is very close to the
approach described in the previous chapter in spirit, except that these workers replaced the
probe process by the method employed in Ref. 1, namely, it is represented by a Guassian
window centered around 2.7 A with a width of ~ 0.5 A. With the split-operator algorithm,
these workers were able to propagate the wave packet for as long as 60 ps. By using the

same potential parameters as in Ref. 11, they found that for a 60 fs pump pulse with a
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wavelength of 311 nm, the wave packet partially rephases at ~ 25 ps; however, if the
wavelength is tuned to 310 nm, the simulated signal decays much more slowly and exhibits
no recurrence behavior (see Ref. 3, Fig. 3). When a close inspection of the asymptotic
energy spectra of the wave packets pumped by 310 nm and 311 nm was taken after a time
delay of 14 ps from the initial preparation, it was revealed that the wave packet prepared by
the 311 nm pulse centered around one group of short-lived states, while the one initiated by
the 310 nm pulse centered around one group of long-lived states, resulting in its slower
decay rate (see Ref. 3, Figs. 4 & 5). When a different set of potential pamme:ters12 was
utilized, they found that a strong recurrence feature appeared around 30 ps for a pump
wavelength of 310 nm (see Ref. 3, Fig. 10), contrary to the lack of a recurrence signal
found for the previous potential, even though the transients were very similar for the first
10 ps. This demonstrated an interesting point, that fine details of a potential could have
profound impact on the subtle details of the wave-packet motion, like the long-time
recurrence behavior. Boltzmann averaging was also considered for the initial thermal
distribution of vibrational states; the result seemed to suggest that recurrence occurred only
for v"' = 1, and the thermal averaging diminished the overall recurrence signal (see Ref. 3,
Fig. 9). Even though no new results were obtained in this work beyond what had been
learned in Refs. 1 & 2, this rigorous and fully quantal treatment does give us more
confidence in the validity of the simple models developed before.!? It would be very
informative if the same calculations could be performed for different rotational states and
rotational Boltzmann averaging were carried out. However, the cost of CPU time required

for such calculations may prove to be prohibitively high.

To further address this long-time recurrence problem and to answer the questions
remaining from Refs. 1-3, the approach developed by Chapman and Child is followed in
this chapter because it reasonably reproduces the essential features (oscillation and decay)

of the experimental transients, and its demand for CPU time is rather modest. First, the
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vibrational eigenstates are solved for both the bound diabatic potential well and the adiabatic
one, with energy ranging from 2500 cm-! to 8500 cm™! above the covalent atomic limit.3
Rotational energy is taken into account by adding a term h2J {J +1)/81t2;,u'2 to both the
potentials and solving the one-dimensional Schroedinger equation for each J level, with J
ranging from O to 130 to cover the thermal distribution. Then the lifetime and position of
the mixed states are calculated by the method developed by Child and coworkers!C with the
equations outlined in Chapter 2. Finally, the FTS transients are calculated by Eq. (5.3),

where the coefficients are taken to be a Gaussian with a FWHM of 300 cm™! to 400 cm™!.

Figure 5.6 shows the vibrational eigen energies for both the diabatic and the
adiabatic potentials plotted against J(J+1). As can be seen from this figure, the vibrational
states for v" = 262 (diabatic potential) and v' = 153 are very close, and therefore the mixed
states would be expected to be long-lived. 310 cm’! above this group of long-lived states,
there exists another set of coincident states, with v"' =270 and v' = 162. In general, the
long-lived states and the short-lived states followed each other in an almost periodic pattern

while climbing up the energy ladder.
No Rotational Averaging

When the excitation energy is set to 30426 cm’! with a FWHM of 400 cm™! for a
single rotational level (J = 40), the simualted transient is presented in Figure 5.7. Clearly,
a recurrence feature appears at ~ 25 ps. The high-frequency modulations on the recurrence
peaks are an indication of the partial revival phenomenon6 and were also present in the
semiclassical? and quantal simulations.> The temporal resolution is ~ 100 fs in the FTS
experiments; therefore, these high-frequency oscillations are not expected to be observed

experimentally.

Selective Rotational Averaging
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Figure 5.8 displays the transient after selective rotational averaging (J = 0, 10, -,
120); the recurrence feature remains clearly visible, though the relative amplitude is smaller
than for a transient from a single rotational level. This is in agreement with the result
obtained by Chapman and Child.2 Furthermore, the simulated transient obtained here is
more robust to the rotational averaging than the one given by Ref. 2, its maximum stays
around ~ 25 ps, unshifted from the recurrence time for a transient from a single rotational

level.
Complete Rotational Averaging

The complete rotational averaging is obtained by summing all the rotational states
with their respective Boltzmann weights. The transient is shown in Figure 5.9, with its
recurrence oscillations still centered around 25 ps and its high frequency modulations
completely averaged out. This is an important result in the sense that it establishes that the
recurrence from single rotational levels can survive the rotational averaging, though maybe
under the most favorable conditions, despite the fact that the vibrational spacing varies from

one rotational state to the other, as is induced by the centrifugal effect.

When the pump energy is detuned by only 100 cm! from 30426 cm’!, however,
the simulated transient exhibits a series of smooth, damped oscillations; the recurrence
feature is clearly absent. Thus, this model is still not able to explain the wavelength
dependence of the recurrence signals as observed experimentally, even though it shows

remarkable robustness towards rotational thermal averaging.

To explore the effects that a different set of energy levels may have on the simulated
transients, the energy levels of the adiabatic and diabatic potentials are calculated with the
Dunham parameters given in Ref. 7. Once again, the recurrence features are present in the

simulated transients under only some special conditions; a pump wavelength chosen
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without a priori knowledge of the eigen energy structure normally does not produce any

recurrence signal in the calculated transient (see Figure 5.11).
Vibrational Averaging

Figure 5.12 shows the effects of vibrational Boltzmann averaging at 320 nm, where
the recurrence signal was the strongest experimentally. The calculation was carried out
with potentials cited in Ref. 11, and the Franck-Condon factors for v"' =0, 1, and 2 were
obtained by the same Condon reflection method as described in Chapter 4. Contrary to the
results obtained in Ref. 1 (Fig. 5.5), recurrence features are definitely absent in this
simulated FTS transient. The reason for the discrepancy was that in the calculation
performed in Ref. 1, the recurrences were already present in the individual vibrational
component; thus, the Boltzmann averaging could only enhance the recurrences; on the other
hand, recurrences were absent from each of the transients from the vibrational states in the
present calculation; the sum, therefore, did not present any recurrences. It should be noted
that if two vibrational components have the same weight (combining the Boltzmann and the
Franck-Condon factors), the sum will show recurrence features, since they are spaced by ~
260 cm™!; the frequency-spacing difference between the two components will be about 1
cm’! so that the recurrence signal will appear around 30 ps. However, this requirement is

too stringent to explain the wide spectral range in which recurrence signals were observed.
IV. Summary

In this chapter, a complete account of the experimental results regarding the long-
time behavior of the Nal FTS transients is given for the first time. A number of theoretical
approaches have also been discussed and compared. The consensus among all the
theoretical models is that the recurrence of the wave-packet propagation must be caused by
the special nature of the potentials in which the wave packet evolves. In the case of Nal,

the uniqueness of the potentials involved is the non-adiabatic interaction between the
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covalent and ionic states, which causes the lifetimes of the eigenstates to oscillate. The
semiclassical model is able to display recurrence features in simulated transients despite
averaging over a wide thermal distribution of rotational states. However, all the theoretical
models developed thus far lack the robustness with respect to pump-wavelength tuning as
exhibited by the experimentally observed transients (see Figure 5.4). The oscillation in the
lifetimes of eigenstates, which has played a central role in the current theoretical endeavors,
therefore, may be only one of the causes for the recurrences, not the only reason. The
deficiencies in current theoretical models calls for other mechanisms to be sought in order
to understand completely the deceivingly simple long-time recurrences in the wave-packet
motion of Nal. For example, the contributions to the FTS signal from species other than
the Nal monomer, (NaI)2 or (Nal) ot where n > 2 may be considered; or the effect of the
very high electric field introduced by the intense femtosecond pulses on the position of
eigen energy levels, i.e., the dynamic Stark effect, may also be of concern. To explore
these seemingly remote possibilities, more experiments will be needed, along with more
refined theories. It is hoped that the publication of the experimental results will serve the
purpose of stimulating further theoretical interests toward solving this long-time recurrence

problem in the FTS experiments of Nal predissociation.
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VI. Figures

Captions:

Figure 5.1

Experimental FTS transient of Nal over the range from O to 40 ps. Adopted from
Ref. 1. Top: the transient obtained with a pump wavelength of 310 nm and probe
wavelength of 620 nm. Bottom: Modulated part of the experimental FTS transient
obtained by subtracting\the decay caused by the Landau-Zener leaking of the wave

packet. Note that the signal after 10 ps was mulitiplied by 10 for clarity.

Figure 5.2

Long experimental FTS transients of Nal that show the effect of pump-wavelength
tuning. The pump wavelength was tuned from 330 nm to 317 nm, while the probe

wavelength was fixed at 620 nm.
Figure 5.3

Continuation of Figure 5.2, with pump wavelength tuned from 310 nm to 294.5

nm. The probe wavelength remained at 620 nm.
Figure 5.4

The effects of pump-wavelength fine-tuning. The experimental transients were
taken at 322 nm, 321 nm, and 320 nm. They all exhibited strong recurrences

centered around 28 ps.
Figure 5.5

Simulation of the FTS experiment in Nal, using the potential parameters cited in
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Ref. 11. Adopted from Ref. 1. The exciting pulse (60 fs) has a spectral width of
250 cm’! around 310 nm. The pulse prepares an initial coherent superposition of
the eigenstates in the adiabatic well. The local average vibrational spacing is 27
cm’l. The prepared states have different lifetimes, ranging typically from 1 to 600
ps, as calculated from the spectroscopic data given in Ref. 7. In the packet, the
short-lived states decay within 10 ps, while the sets of long-lived states, separated
by ~ 270 cm’l (i.e., 10 quantum numbers), are responsible for the rephasing
observed around 30 ps. In the top part, the signal is averaged over the thermally
populated levels v*' =0, 1, and 2 in the ground state, while in the bottom part the

contribution of the single level v" = 0 is given.
Figure 5.6

The eigen values of the diabatic (open squares) and adiabatic (filled squares) states
plotted against J(J+1), where J is the rotational quantum number. Please note the
close resemblance of this figure with Figure 3 in Ref. 2. The energy scale is shifted
up by 100 cm™!in this figure as compared with Figure 3 of Ref. 2, which may be
caused by differences in the potential parameters and the algorithms employed

in these two independent calculations.
Figure 5.7

The simulated transient for a single rotational level, J =40, with a pump energy of

30426 cm™! and a spectral width of 400 cm-1 (FWHM), calculated by Eq. (5.3)
- Figure 5.8

The selectively averaged calculated transient with the same pump pulse as in Figure
5.6, sumoverJ =0, 10, -, 120, with appropriate Boltzmann weighting factors for a

sample temperature of 1000 K.
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Figure 5.9

The simulated FTS transient after complete thermal averaging ( T = 1000 K). The
pump-laser pulse centered at 30426 cm'! with FWHM = 400 cm™L.

Figure 5.10

The calculated transient obtained under the same conditions as Figure 5.9, except
that the center of the pump pulse is changed to 30326 cm’l. Please note the clear

absence of recurrences around 30 ps in this transient.

Figure 5.11

The simulated transient with eigen energies determined by the Dunham parameters
reported in Ref. 7. The pump wavelength was 320 nm, with spectral width of 300
cm’! (FWHM). Rotational states from J =0 to J = 150 were summed together

according to their Boltzmann weights at 1000 K.

Figure 5.12

The result of vibrational Boltzmann averaging. The v" = 1 transient was not plotted
because its diminishing Franck-Condon factor at 320 nm rendered its contribution
to the overall transient negligible. The curves for individual vibrational states were

obtained in the same way as for Figure 5.9.
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Femtosecond probing of persistent wave packet motion
in dissociative reactions: up to 40 ps

P. Cong, A. Mokhtari and A.H. Zewail

Arthur Amos Noyes Laboratory of Chemical Physics ', California Institute of Technology. Pasadena. CA 91125, USA
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Femtosecond probing of nuclear motion in an aikaii haiide (Nal) reaction reveals a persistent wave packet, recurring at long
times up to 40 ps. The detection of both “free” Na atoms and “transient” {Na...I] ** indicates non-exponentiai dynamics through
the crossing zone of the covalent and ionic potential energy curves. These observations are reiated to the nature of the motion.

and the level structure making the packet.

On the femtosecond time scale, it is possible to
monitor the nuclear motion on a potential energy
surface (for recent reviews, see ref. [1]). The tra-
ditional picture for describing wave packet dynamics
in such molecular systems is the following. After the
initial preparation of an *‘intact” wave packet at time
zero on a potential surface, the motion leads to rapid
dephasing and spreading, especiaily if the potential
is anharmonic (see e.g. ref. {2,3]). For alkali halides
(MX) predissociation reactions {4], an oscillatory
motion of the wave packet, due to the avoided cross-
ing between the covalent and ionic potentials (fig.
1), was observed. In view of the fact that these are
reactive systems and the potential is very unusual and
far from harmonic, two questions are important: how
long does the motion persist and what is the nature
of the spread of the packet as MX goes to M and X?

In this Letter, we report on a striking observation
of wave packet motion in the Nal reaction up to 40
ps. The packet is coherently persistent over these
times and, in a simple picture, this time corresponds
to a motion distance of about 400 A. Furthermore,
it is shown that the decay of the oscillatory motion
of the packets is non-exponential. This decay results
from the dephasing of the packet and its leakage of

' This work was supported by the Air Force Office of Scientific
Research, and the National Science Foundation.
2 Contribution No. 8144.
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the packet through the (Landau-Zener) avoided
crossing between the covalent and ionic potential
curves.

The experimental methodology of femtosecond
transition-state spectroscopy (FTS) [1], as applied
1o the study of alkali halide reactions, has been pre-
sented elsewhere [4]. Briefly, the laser puises were
generated in a colliding pulse mode-locked ring dye
laser (CPM). These pulses (60 fs) were amplified.
and were used to generate a continuum; the contin-
uum was filtered and further amplified. As shown
before {4], both the free Na atoms and the quasi-
bound transition states [Na...I]*" can be detected,
depending on the detuning of the probe wavelength.

Fig. 2 shows typical FTS transients obtained over
the range 0-40 ps. The initial ten oscillations have
been observed before [4] and related to the motion
between the covalent and ionic curves. The striking
new feature here is the apparent continuation (re-
currence) of the motion for up to 40 ps. The ap-
parent period remains the same in the range 20-40
ps. but looks “chaotic” in the intermediate region.
The overall decay reflects the dephasing and the
“leakage™ from the avoided crossing zone to form
Na+1L

For a bound system (e.g. [, in the B state), re-
currences have been observed [5]. In that case, the
recurrences occur at times precisely determined by
the anharmonicity (or in general the difference be-
tween adjacent vibrational spacings) of the potential
energy curve [6]. Here, the =30 ps recurrence time
does not correspond to the temporally {4] and spec-
troscopically {[7] measured anharmonicity. The an-
harmonicity (=0.1 cm~') corresponds to a recur-
rence time of about 333 ps in this case. Furthermore,
rephasing due to rotations [ 8] of Nal is not possibie.
This is because rotational rephasing occurs at times
determined by 1/28 (B is the rotational constant)
and this occurs on a time scale an order of magni-
tude longer; for Nal in the excited state, 8=745 MHz
[7],time 1/2B=671 ps. We have also confirmed this
by the lack of polarization effects (8] on the recur-
rences. The question then is: what is the origin of this
persistent motion?

Fig. 3 shows the spreading of the packet and the
leakage leading to the formation of Na+1. The os-
cillations peak amplitude decays faster than the area.
In ref. [4], we discussed the effect of the spreading
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of the wave packet in measuring the actual decay due
to the crossing of Nal to form Na+1. However, here
it 1s shown that over the 40 ps time scale. both the
decay and the nise of free Na are non-exponential and
that we can now separate the population build-up
from the dephasing. The r=6 ps, measured for the
decay of the area and build-up of Na population (at
shorter times) gives the probability for the diabatic
crossing to form Na+1 [4]*'. On the other hand,
the peak decay indicates that the initial dephasing is
faster (3 ps). and this explains some features of the
quantum {9,10] versus classical {4,11] calculations,
and the linear-response [12] and semiclassical [13]
findings.

The non-exponentiality of the decay reflects the
different resonant states in the potential well. Since
the quasi-bound states of the well interact with the
ground state, different predissociation lifetimes are
expected, depending on the effective coupling, as
shown rigorously by Child [14]. This well-defined
coupling establishes the nature of the eigenstates
composing the packet. We have considered the fol-
lowing packet:

P(R, t)= Y 4,@,(R)exp(—iEt/h), )

where R is the reaction coordinate (fig. | ) and 4, is
the amplitude. This amplitude is determined by the
distribution of eigenstates in the adiabatic well
(Franck-Condon factors) and the puise shape.
The *“exact” FTS signal has been calculated [15]
over these times using the potential of ref. [4] and
the time-dependent methodology of Metiu and co-
workers and Gruebele et al. {6,9,16]. However, here
we discuss a simplified picture that illustrates the
physics. From eq. (1), the signal is written as

Ry
S(t)= j

Ry

|P(R. t)1*g(R)dR, (2)

where the integration is over the range of R probed.
determined by the probe pulse. This window in R is

8 Recently, we have measured the Landau-Zener escaping
probability (P) in the region from 300 to 330 nm. Over this
region, the relationship between In P versus inverse recoil ve-
locity gives a coupling matrix element of 380 cm ™', consistent
with the resuits in ref. [4].
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Fig. 2. Top: Experimental FTS of transient [Na...I] ** over the range 0~40 ps. The pump wavelength was at 310 nm. while the probe
wavelength was at 620 nm. Similar experiments were performed at different pump wavelengths (see text). Bottom: Modulated pan of
expernimental FTS obtained by subtracting the decay caused by dephasing and (Landau~Zener) leaking of the wave packet. Note that
the signal after 10 ps was multiplied by 10 for clarity.

tvpically <0.5 A wide and g(R), taken to be Gaus- packet motion that recurs at a time determined only
sian, reflects the probe puise profile. by the anharmonicity, i.e. fuil recurrence. (For a

If we use a Gaussian envelope for 4, with a dis- square envelope preparation. partial recurrences at
tribution of states determined by the measured an- times shorter than the inverse of the anharmonicity

harmonicity, then we obtain a signal reflecting a are obtained; recall that the Fourier transform of a

11l
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Fig. 3. Decay of transient [Na...1]*" and build-up of Na. Top:
The first seven oscillations were fitted by a sum of Gaussian
functions. each of them was matched to one oscillation. The area
covered by each Gaussian and the peak amplitude were plotted
against time in the insert. As can be seen from the graph, the peak
amplitude decays faster than the area. Bottom: On- and off-res-
onance FTS transients over the 40 ps range, fitted using a bi-ex-
ponential function. The slow components of the two transients
are basically the same (47 ps and 40 ps for off- and on-resonance
transients, respectively ). The off-resonance signal amplitude has
a fast-component of 3 ps, but its area decays by 6 ps, which is
simular to the fast rise time of free Na.

square puise in energy gives side bands in time, which
can cause partial recurrences.) Clearly, we cannot
account for the = 30 ps recurrence by this simple dis-
tribution idea. We then considered the nature of the
distribution of the @, states by obtaining the eigen-
functions of the potential in ref. [4] and calculating
the Franck-Condon factors.

The above equation (1) does not give the decay
of the individual n state of the packet. If we now con-
sider all adiabatic states reached by the pulse and take
into consideration that the states of the packet have
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different decay rates (to Naand [). [, theneq. (1)
will include exp( — i/ ,r). With a distribution of [,
similar to that of ref. [7]. which was obtained by
Child’s method of analysis [14]. we obtain a signal -
reflecting recurrences at = 30 ps (fig. 4). Also. in fig.
4 we show the effect of the initial population in the
v”=0. | and 2 on the observed signal.

The physics is clear. The initial preparation on the
femtosecond time scale creates a packet that is lo-
calized and spans the states of the adiabatic well. As
time goes on, the packet oscillates in the well for the
first = 10 ps. and decays by the leakage probability

T T . r r r , ;
12 |
10+

SIMULATION
8 ~
6 =
o
24
0 _.L
L . i A L n L L
30 v r -~ v - Y - T
254
SIMULATION
20 ( Oniy from v 30 )

-

<

F 4

2 154

n

-

& ta-
085~ A
0o AMAMMAAMAAM

; : . . s

" "
° 1o 20 a0 )
TIME DELAY {ps)

Fig. 4. Simulation of the FTS experiment in Nal. using the poten-
tials in ref. [4]. The exciting pulse {60 fs) has a spectral width
of 250 cm - around 310 nm. The pulse prepares an initial coher-
ent superposition of the eigenstates of the adiabatic weil (eq. (1)).
The local average vibrational spacing is 27 cm~'. The prepared
states have different lifetimes. ranging from typically 1 to 600 ps.
In the packet, the short-lived states decay within 10 ps. while the
sets of long-lived states, separated by *270 cm~' (i.e. 10 quan-
tum numbers ), are responsible for the rephasing observed around
30 ps. [n the top part. the signal is averaged over the thermally
populated levels v* =0. 1 and 2 in the ground state, while in the
bottom part the contribution of the single level v” =0 is given.
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to form Na+ . In this domain of time, all short-lived
states have essentially decayed. but the long-lived
ones are dephasing (““chaotic” or weak signal re-
gion) and rephasing (recurrence at the 30 ps re-
gion). Thus. the Fourier transform of the FTS signal
provides not only the local frequency of the packet
osciliation in the well, but also the distribution in the
packet levels and the decay characteristics. The early
time behavior can be reproduced by classical me-
chanics [4]. The dephasing and spread in the ““cha-
otic™ region are difficult to understand without using
the quantized packet of eq. ().

We have done a number of experiments and cal-
culations to test these ideas. Tuning the probe still
shows these long time recurrences. Tuning the pump,
however. changes the fund2mental period of the os-
cillation as reported before (4], and also changes the
recurrence time: Over the range 290 to 334 nm we
observed a recurrence time of =24 ps (at 290 nm)
to 30 ps (at 310 nm) to = 26-27 ps (at 328 nm).
Changing the relative polarization of the pump and
probe pulses did not change the phase of the recur-
rences. These and other experiments like pulse in-
tensity effects and temperature dependences will be
detailed later. Finally, we have considered the effect
of rephasing between packets initiating from differ-
ent v~ states. As can be seen from fig. 4, this type of
rephasing can lead to an enhancement of the signal
in the recurrence region. These points will be dis-
cussed in a forthcoming paper.

In conclusion, the persistent evolution of wave
packets in reactions of alkali halides is reported.
These striking observations in molecular systems re-
veal the nature of the wave function and the nuclear
motion on the surface: osciilations, dephasing and
recurrences. The results can be related to the level
structure of the packet, but more importantly they
indicate the nature of the dynamics at short and long
times.

Note. In a beautiful paper by S. Chapman and M.S.
Child (private communication) we have learned of

CHEMICAL PHYSICS LETTERS
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the semiclassical treatment of Nal predissociation.
Chapman and Child identified the actual levels and
decay rates and obtained the delayed recurrences. In
our full account of this work quantitive comparison
with theory will be made at different energies in or-
der to derive a more accurate potential.
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Direct femtosecond mapping of
trajectories in a chemical reaction
A. Mokhtari, P. Cong, J. L. Herek & A. H. Zewal

Arthur Amos Noyes Laboratory of Chemical Physics.
Califorma Institute of Technoiogy. Pasagena. California 91125, USA

IN chemical reactioas, the dynamics of the transitioa from reagents
to products can be described by the trajectories of particies (or
rigorously, of quastum mechanical wave packets) moving on a
potentiai-energy surface. Here we use femtosecond puised laser
techniques to foilow directly the evolution in space and time of
such trajectories duriag the breakage of a chemicai bond in the
dissociation of sodium iodide. The bond breakage caa be described
in terms of the time evolution of a singie reaction coordinate, the
intersuclear separation. As the velocities of the separating frag-
mesnts are typically of the order of a kilometre per second. a time
resolution of a few tens of femtoseconds is required'- to view the
ions on a molecular distance scale of less thaa as dngstrom.
The resolution obtained here permits the direct visualization of
the wave packet’s motion and provides snapshots of the trajectories
aloag the reactioa coordinmate.
The potential-energy surface ( PES) for the Nal reaction (Fig.
1) involves two channels; one describes the covalent character
of the bond ( Na + [) and the other the ionic character (Na™ +17).

The two potential curves intersect at an internuclear separation
R of 7 A. When Nal is promoted with a femtosecond (pump)
pulse to the covalent curve at R = 2.7 A the wavefunction (or,
more accurately, the wave packet) moves towards the ionic curve
and then returns with a period determined by the shape of the
PES and the total energy in the bond’*. Using a femtosecond
probe pulse. we can monitor the oscillation of this activated
complex®, [Na--[]® as it decays, on a picosecond timescale, to
give Na and [ (Fig. | inset).

Figure 2 shows trajectories in the R-t domain. Both classical
newtonian mechanics’*® and quantum mechanics” calculations
have been performed: here we consider the former approach to
iilustrate the methodology. As shown in Fig. 2, the wave packet
changes direction as R and t change, starting from the initial
time zero at R = 2.7 A. Afterhaif a period the packet has reached
the ionic turning point, and after a complete period it has
returned to the covalent turning point. At or near the ionic-
covalent crossing, the packet splits; some continues to move in
the direction of increasing R, becoming Na and [, and the rest
remains as [Na- - - []*, oscillating between the covaient and ionic
points. (See also Fig. 1.}

To observe the motion of the trajectories, a window in R(¢)
must be opened with sufficient distance resolution AR to allow
us to view the directionality of the packet at different times. If
the window is stepped continuousiy along R, then we can map
out the motion and characteristics of the PES. For a given
resolution, the temporal motion represents a ‘snapshot’ of the
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PES at this particular R. For example, a window at R =3 A will
2ive the snapshot shown at the bottom of Fig. 2. which 1s
hastcally the osciliatory motion dispiaved in Fig. 1. On the other
hand, if a snapshot s taken at R =45 A the osciilatory motion
displavs 4 spiiting because at this distance the packet is going
in and out ot the probing AR window. At longer R the splitting
incredses 10 ume, because the distance the trajectory travels is
longer. The observauon of such spiitungs would indicate two
important pounts. First, it would mean that the window opened
in R is sutficiently narrow ' to resolve the nuctear motion in and
out of that region of the PES. Second. the splitting gives a time
iat each R) that is directly related to the clocking time, defined’
by the distance travelled from tme zero to the probing point
on the PES.

The expeniments required pump and probe pulses tunable
between 310 nm and 390 nm, and between 590 nm and 700 nm,
respectively. Briefly, a colliding-pulse mode-locked ring dye
laser. generating 30-fs pulses around 620 nm, was ampiified in
a Nd: YAG-pumped four-stage dye ampiifier. The output pulses
from the amplifier were temporally recompressed in a sequence
of four high-refractive-index glass pnsms. The tunability on the
probe arm was achieved by generating a white-light continuum,
and the same procedure was used on the pump arm, except that
the light was further ampiified in a ttowing cell of the appropriate
laser dve ( pumped by 532-nm pulses from the Nd: YAG source).
We used nonlinear doubling and mixing techniques for conver-
sion (o ultravioiet. The pump and probe beams were focused
in a Nal reaction chamber and the laser-induced fAuorescence
was collected perpendicular to the propagation direction of the
pump and probe beams. The time delay between the pump and

FiG. 2 Classical mechanics simutation of the wave-packet motion with 2
femtosecona pump pulse at 320 nm. The upper piot shows the wave-packet
motuon in the two-aimensional space of ume and internuciear separation.
For simplicity. we do not show the leakage at the crossing point. The lower
plot shows the snapshots of the wave-packet motion at different internuctear
separations. Note the evolution of the splitting.

probe was controiled by a high-precision Michelson inter-
ferometer and the experiments were controlled by a computer.
The range of R probed is shown in Fig. 3.

Figure 4 shows our experimental observations for the Nal
reaction. The packet was prepared by a femtosecond pulse at a4
wavelength A,. To probe at different R, we used another fem-
tosecond pulse of different wavelength a4.. For 4 given total
energy in the bond, determined by A,. both the ume and the As
can be changed svstematically to obtain the snapshots at
different R. [n Fig. 4, we show three snapshots for A, = 391 nm
as examples of the many snapshots we took. The evolution of
the splitting as A. decreases (that is, as R increases) 1s evident.
The splitting at A; =620 nm. for exampie. is 350 fs. This gnes
a clocking time for the packet to reach the window on the PES
of 175 fs. The actual distance being probed is 5.6 A. as deter-
mined by the velocity of recoil. The window resolution 1s very
appropriate for the dvnamical motion of chemical reactions:
the temporal spiitting observed gives an experimental AR =
0.5 A on the PES. The potential for these tvpes of reactions 1s
quite flat at intermediate R (see Fig. 1), and therefore even
better resolution may be achieved in other reactions.

For Naf dissociation, the probe at A. excites the wave packet
to an upper surface corresponding to the Na* ~ [ channel. The
relationship between A, and R is direct if this upper surtace 1s
flat at longer R, as discussed in refs 3 and 4. We have determined
that there is a well tdepth =1.500 cm™"', which 1s deeper than
the well reported in ref. 10) in the region probed. which ailows
us 10 look at the different regions of the PES shown in Fig. 3.
For a given A,, we can determine characteristics of the covalent
curve by changing A, —direct clocking on the lower surface.

Na®-

Potential energy (eV)
o
T

-4 L L L
0 5 10 15 20

3
internuciear distance (A)

FIG. 3 The range of internuclear distances probed in the experments “he
fillea diamonds represent the range that can be reached by Dump (A, puises.
the filled circles show the internuciear separations accessed by the orobe
(A,) pulses, and the open giamonds show the paints that can de ootained
from the osciitation periods. The potentials drawn are taken from ref 2. We
plan to use the snapshots resuits to deduce more accurate potentials®
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FIG. 4 Experimental femtosecond snapshots of Nai reaction. The upper panel
shows the snapshots taken at different probe waveiengths for a wave
packet prepared Dy exciting the Nai molecule at 391 nm (fixed total energy
in the bond). The lower panel shows the snapshots taken at a constant A,
of 605 nm, while varying the onginal position (Ry) of the wave packet
(ifferent total energies).

Changing thetotal energy E, = Yuv” and repeating the probing
gives the motion on different parts of the PES. The reduced
mass u is constant and by changing A, or E, one changes the
velocity of recoil v. As E, is decreased, we expect the velocity
to decrease and the distance travelled by the wave packet, to a
given R, to also decrease. Depending on the PES, these two
effects determine whether or not the splitting will increase or
decrease with E,. Figure 4 shows three snapshots at different
A,. We observe an increase in the splitting as E, is lowered. We
also observe a decrease in the period. The latter is consistent
with the potential ‘narrowing’ in R at lower E,. The former
indicates that the covalent side of the potential is very repuisive
at short R and is dominated by velocity (not distance) effects,
as shown in Fig. 3.

Theoretically, the use of classical mechanics may be sufficient
to describe the giobal motion on the PES. In fact, the resuits of
our experiments and the classical mechanics caiculations in
Fig. 2 are in agreement. We have, however, done quantum
mechanical calculations to justify the agreement between the
classical trajectory R({t) and the quantum mechanical expecta-
tion value (R(r)) {ref. 11). Quantum mechanical calculations at
three pump wavelengths, 310 nm, 350 nm and 390 nm indicate
that the results agree with those for classical mechanics. The
only discrepancy occurs close to the turning point on the steep
repulsive branch—this arises because the average position of
the wave packet does not reach the classical turning point.
Rigorous quantum mechanical calculations of the wave-packet
propagation'? have shown evidence for the splitting; the inter-
pretation did not address the clocking and mapping-of-trajec-
tories aspect of the problem. For Nal, the reduced mass is
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relatively heavy and the spread of the wave packet, a qguantum
mechanical feature, is only expected at longer times''. More
theoretical and experimental work is in progress.

The results reported here show that the motion of the nuclear
wave packet during the breaking of the Nal bond can be probed
with an experimental resolution of ~0.5 A of internuclear separ-
ation. The position of the probing ‘window' can be varied to
map the trajectories R(t). The packet is observed in real time
for both contraction and extension of the Nal chemicai bond
as it passes through the window in both directions. The range
of internuclear distances probed—up to 6.5 A on the covalent
and 12 A on the ionic curves—shows the ability of the method
to yield direct information on the potential-energy curves at
large internuciear separations. This development promises a
wide range of applications to other reactions, inciuding
those characterized by multidimensional potential-energy
surfaces. =
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