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ABSTRACT

Molecular solute/solvent clusters are an ideal medium for studying solvent effects
from the van der Waals complex to the solution bulk limit. Such clusters are conveniently
produced using molecular beams. Thus, a new apparatus for making time-resolved
measurements of large neutral clusters was constructed and is described in detail herein.
The apparatus consists of a molecular beam interrogated by two picosecond lasers.
Detection is by laser-induced fluorescence and resonance-enhanced multiphoton ionization.
The laser and molecular beam combination permits the study of the role of solvation on the
solute's excited electronic-state dynamics for a specific cluster size.

Picosecond time-resolved laser spectroscopy is applied to neutral solute/solvent
clusters to study the effect of solvation on charge-transfer reactions in real-time. p-
(Dimethylamino)benzonitrile (4-DMABN) and a-naphthol (a-NpOH) are used as model
systems since the charge-transfer is solvent dependent. The S excited state dynamics of
gas-phase 4-DMABN has been studied both in a supersonic jet expansion and in a
thermalized vapor. The jet studies show that 1:1 complexes with water, ammonia,
methanol, and acetonitrile do not undergo charge-transfer. At higher jet temperatures,
emission is observed from 4-DMABN self-complexes. Charge-transfer fluorescence from
4-DMABN self-complexes is observed in a thermalized vapor. Studies have been done on
the S excited state dynamics of gas phase a-NpOH clustered with ammonia, piperidine
and water. The measurements reveal cluster-size dependent dynamics for a-NpOH
clustered with ammonia and piperidine, but not with water. The fast-time dynamics in the
ammonia and piperidine clusters indicates the occurrence of proton-transfer reactions in
these solute/solvent clusters. The cluster size, solvent dependence and the timescale for the

reactions serve to emphasize the importance of the local solvent environment .
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CHAPTER 1

INTRODUCTION



A fundamental problem in chemical dynamics is to understand the properties of
chemical reactions. The traditional Arrhenius description is a phenomenological one that
describes the temperature dependence of reaction rates in the bulk, while the transition-state
theory provides a useful interpretation of the Arrhenius rate law in terms of molecular
properties. Contemporary kineticists are concerned with the interpretation of chemical
reactions at the molecular level by developing a microscopic picture of the reaction
dynamics. The goal is the detailed understanding of how the initial conditions affect the
outcome of a chemical reaction. Such initial conditions include the reactant structure and
partitioning of energy in the activation process between the various degrees of freedom.
The reaction outcome is specified by how the initial conditions affect the products. Of
interest is the quantum state of the products, and the rate at which the products are formed.
This microscopic picture is crucial to understanding the multidimensional potential energy
surface, and the detailed quantum description of chemistry on a state-to-state level.

The challenge to experimentalists is to design experiments capable of defining the
aforementioned initial conditions, and then to be able detect products with quantum state
resolution. Over the past two decades, major advances have come from application of
molecular beam and laser techniques [1]. Using molecular beams permits the study of
atomic and molecular processes in the absence of external perturbations. Molecular beams
formed from supersonic expansions have the added advantage of being able to cool
molecules rapidly to temperatures on the order of 4-50 K, which greatly simplifies the
spectroscopy by minimizing vibrational and rotational congestion. The result of this fast
temperature reduction is that the molecular beam expansion quenches the internal motions
of the molecules, and the final ensgmble on which the experiments are performed is
approximately microcanonical. The application of lasers to molecular spectroscopy
provides a sensitive probe of molecular quantum states. Selective detection of most organic

molecules is possible because of the wide tunability of dye lasers.



The application of ultrashort laser pulses with picosecond or femtosecond
resolution to molecular beams has enabled the reaction process to be viewed directly [1b-
d]. The experiment begins with the excitation of a molecular beam by an ultrashort laser
pulse. One then directly time-resolves the fluorescence, or uses a second ultrashort laser
pulse (delayed in time) to probe a transient species directly. Since the timescale for any
sequence of elementary steps constituting a chemical reaction is dictated by the rapidity of
the nuclear rearrangement, typically in the range of femtoseconds to picoseconds, ultrafast
time-resolved laser spectroscopy reveals the transitional reaction dynamics by directly time-
resolving the nuclear motion. Thus, using ultrashort laser pulses allows one to observe the
actual passage through the transition states and to view them in real-time. This real-time
approach provides complementary information to studies, such as crossed-beam
experiments [e.g., 2], and photofragment product-state distributions [e.g, 3], which
address the asymptotic properties of the reaction. Asymptotic studies have established that
chemical reactions may be described in terms of collisions between reactant species. They
also give information conceming the strength and range of intermolecular forces and the
effect of precollision states on the products. However, the results of these asymptotic
studies are effectively time-integrated over the course of the collision, whereas real-time
measurements focus on providing a direct view of the reaction process.

The molecular systems of interest in this thesis are clusters, and in addition to
producing cold beams of isolated molecules, molecular beams (both subsonic and
supersonic) are often used for the formation and study of clusters [4-6]. A cluster is
broadly defined as a chemical species held together by forces weaker than the average
chemical bond. The nucleation-conde}lsation forces usually involved are van der Waals or
hydrogen bonding in molecular clusters, electrostatic forces in ionic clusters, and metal-
metal bonding in metal clusters [4). Using molecular beams, one can produce and study

clusters ranging in size from dimers to thousands and millions of molecules le.g., 7-13]).



Of particular importance is that the clusters are produced under the controlled conditions of
the molecular beam. By suitable adjustment of the expansion conditions, it is possible to
produce clusters of almost any size and composition. Thus it is possible to conduct cluster
studies as a function of specific cluster size.

Much of the early work on clusters focussed on characterizing the intermolecular
potential in clusters, and determining their structure [14], and this work continues today. It
has largely dealt with small clusters, dimers and trimers, because of their relatively simple
spectra. For example, small van der Waals molecules generated by a molecular beam have
been used as model systems for studying photochemical processes such as vibrational
predissociation [15-16], unimolecular decomposition and intramolecular vibrational energy
redistribution (IVR) [14-16]. Time-resolved experiments on the predissociation of clusters
have been carried out [17,18]. Of interest was the role of IVR in the predissociation, and
the question of whether the rates of dissociation could be predicted by RRKM theory.
Another time-resolved study demonstrated mode-dependent predissociation of clusters of
t-stilbene-rare gases [18,19].

Clusters are thought to provide a bridge for understanding the dynamics of a system
in the gas phase versus its behavior in the condensed phase. Being larger than ordinary
molecules but smaller than bulk objects, clusters represent a state of matter that is
intermediate between molecules and the condensed phase. Thus, a common theme has
been to use clusters to understand the transition from atomic and molecular properties to the
bulk with increasing cluster size. Of interest is how the process is influenced by solvation
and how large a solvent shell must be to make a bulk solution phase reaction
thermodynamically favorable. Clusters are attractive for study since they present small
theoretically tractable systems that cax; be used to test our understanding of solids, surfaces,
catalysis, liquids, solvation, and other finite-system properties [20]. Clusters are also

important in fields ranging from atmospheric chemistry to industrial catalysis. Their



reactivity and large surface-to-volume ratio make them useful for studying the solid state,
crystal growth, and selective chemical catalysis [20]. Furthermore, nanometer-sized
clusters can be used to construct new materials with enhanced mechanical and electro-
optical properties [21].

In the case of solvation, clusters may be useful for understanding how the solvent
molecules affect the properties of chemical reactions. The extent of solvation is often of
crucial importance since reaction intermediates and products can be stabilized by the
solvent. The solvent may play a passive role, as in the cage effect where the solvent traps
the reacting solute particles within a volume, or the solvent may be a direct participant in the
reaction. In the liquid phase, the very short times between collisions with the surrounding
molecules (femtosecond to picosecond) bring an intrinsically short timescale to elementary
relaxation processes involving energy or phase-coherence loss through interaction with the
environment. Molecules move, exchange vibrational energy with their surroundings,
transfer charge, undergo excitation; dissociate and undergo geminate recombination and
respond to sudden changes in their environment on a picosecond or shorter timescale
[22,23]). Some of the phenomena are unique to the condensed phase, requiring a
surrounding heat bath or dielectric medium. Liquid-phase dynamics is very complex
because of the fluctuating nature of the solvent environment. The study of the solvent effect
at the molecular level poses difficulties because the reaction coordinate is complicated,
typically involving both intramolecular motions of the solute, and extensive coupling to
motion of the adjacent solvent molecules during the creation of the reaction products.
Attempts to understand the influence of the solvent have led to investigations that compare
picosecond kinetics of gas phase reactions to that in solvents with different viscosities [24].
Such comparisons of gas-phase and solution phase studies have revealed extraordinary

differences in the kinetics, which attest to the profound influence of the solvent.



Spectroscopy provides a variety of experimental routes for the exploration of the
structures, energetics, and dynamics of clusters. While the spectroscopy of isolated
molecules and crystalline solids is highly advanced, there is a terra incognita between the
isolated molecule and the bulk limit that remains to be explored by investigating finite
systems such as atomic or molecular clusters. The experimental methods typically couple
various laser and mass spectroscopic techniques [e.g., 25-35], such as laser-induced
fluorescence (LIF) and resonance-enhanced multiphoton ionization (REMPI), with
molecular beams. REMPI and LIF are complementary, but differ in two significant
respects. REMPI is more species-specific for different masses, and it can distinguish
between species that have similar LIF spectra. The properties of the cluster are reflected by
the spectroscopic properties of a probe atom or molecule in the cluster via the cluster-probe
interaction [25]. This allows one to measure electronic absorption and emission spectra of
size-selected clusters and hence to follow the environmental, internal, and size dependence
of the thermodynamic, kinetic, and other photophysical and photochemical and spectral
properties. A detailed understanding of the physics and chemistry of clusters would also
allow a more precise description of liquids, amorphous solids, and disordered materials,
for which our present knowledge is still fairly rudimentary.

Investigators have used microsolvent clusters, consisting of a probe atom or
molecule attached to a number of solvent molecules, to study solvation as a function of
specific solvent-cluster size [e.g., 25, 36-39,40(a)-(c)]. This enables one to study the role
of solvation on the physical, chemical, and dynamical behavior from the solvent-solute van
der Waals complex to the solution bulk limit. Many questions arise when describing
solvent clusters or the solvation process on an atomic scale [25]: What are the solvent
cluster structures? To what extent is ‘the structure of the solvent-cluster representative of
the undoped cluster? Does the solute control the solvent cluster structure? Do solvation

isomers exist, and are they energetically competitive with the minimum-energy structure?



How strong are the interactions that are responsible for solvation, and how do these
interactions affect the behavior of the solute? To what extent do the cluster structures
depend on temperature? Are the clusters solidlike or liquidlike and can solid-liquid
transitions be observed? Is it possible to identify the first and successive solvent layers? Is
it possible to see the appearance of bulklike behavior already in finite clusters? Studies in
cold microsolvent clusters are complementary to investigations of gas-phase ion chemistry
in which a wide range of protonated solvent clusters have been studied. The gas-phase ion
studies have yielded a wealth of thermochemical data on ionic solvent clusters at room
temperature or above [41-44].

In this thesis, excited-state electron- and proton-transfer reactions are of interest.
Such reactions form the basis for many important natural processes such as enzyme
catalysis [45] and photosynthesis [46,47], as well as for many artificial processes such as
organic conductors and superconductors and the generation of electricity. Many of these
processes occur in the condensed phase. Compared to the gas phase, the condensed phase
environment can markedly influence the energetics of chemical reactions. This is especially
true for charge-transfer reactions since the interaction energy of the charge with the solvent
can approach chemical binding energies. Studies in solution have shown experimentally
that changes in nuclear or molecular configuration control the dynamics of electron- [48]
and proton-transfer processes [49] in molecules, the latter differing in that localized
configuration changes are important. Fast charge rearrangements in excited states may
involve charge redistribution within a molecule altered by excitation, or the reorganization
of medium dipoles around the altered molecular dipole. The medium can be the solvent,
the molecule itself or an external n3atrix. The effect of solvation on charge-transfer
processes might be systematically investigated at the molecular level if the charge-separated
system is studied in an intermediate state between the gas phase and the condensed phase.

Condensed phase studies give results that are averaged over all solvent molecules.



Microsolvent cluster studies have been applied to a wide range to solute and solvent
combinations. These include diatomic molecules in rare gas clusters [14,50], large
nonpolar aromatic molecules in rare gas clusters [51], polar aromatic molecules in
hydrogen-bonding solvents [40] and solvated electrons in polar solvents [52]). These
studies investigated the effect of solvent on the solute intramolecular dynamics. The major
effects of solvent clusters on the solute electronic absorption spectra are to shift the peak
locations, to broaden the width of the bands, and to change the band shapes. Key
experimental findings are that the changes may be very specific and highly dependent on
cluster size, and the trends in the band shifts, bandwidths, and band shapes can be very
nonmonotonic. The above systems are all nonreacting in nature.

Recently, microsolvent clusters have been used to study chemical reactions as a
function of specific solvent cluster size [e.g.,25,33,36-39,40,53-57]. In this vein, charge-
transfer reactions are of interest since they can be both intra- and intermolecular in nature.
Pertinent to this thesis is intermolecular excited-state proton transfer from a seed molecule
to the solvent shell. The acidities and basicities of optically excited molecules are different
from the ground states [56]. Aromatic amines and alcohols are more acidic in the S; state,
while aromatic acids, ketones, and certain nitrogen heterocyclics are more basic. With
ultrafast techniques, the initial excited state can be formed by photoexcitation, and the
equilibrium constant for proton dissociation or association can be changed on a very short
timescale. From spectral emission data, distinct solvent-size threshold effects have been
inferred for the excited states such as a-naphthol [57], B-naphthol [55], phenol [33,36],
and for the ground electronic state of aniline cation [37]. However, the emission data were
sensitive only to the equilibria betyccn reactant and product. Direct time-resolved
measurements of reactions in clusters are currently few [33,53-55]. Studies done in

matrices [55] and by pump-probe molecular beam studies [33,54] have clearly



demonstrated a solvent-size dependence for the proton-transfer dynamics, and for the
recombination dynamics of the anion of molecular iodine solvated by carbon dioxide [53].
Previous work on solution-phase excited-state proton transfer (ESPT) indicated that
the change in the fluorescence maximum is pH-dependent [58] because of changes in the
excited-state acid dissociation constant (pKa*). Emission studies demonstrate that the
deprotonated acid emits at one wavelength, whereas the neutral alcohol emits at a different
wavelength. The most straightforward method for determination of the pKg* is the Forster
cycle [58]. Weller studied the solution kinetics of ESPT reactions in many organic acids
and bases [59], and extended the initial, largely thermodynamic theories of Forster as
embodied in the Forster cycle [58]. Weller's analysis was based on both steady-state and
time-resolved measurements. The validity of this approach was demonstrated by obtaining
values for pK,* that were in agreement with the results of Forster cycle calculations. pKa*
changes of up to six units have been observed [60]. Furthermore, Weller's analysis,
which determines the excited-state acid-base equilibrium constant based on the ratio of the
forward and reverse ESPT reaction rates, avoids the implicit assumptions of the Forster
cycle [61]. Since this pioneering work, numerous investigations of ESPT reactions using a
variety of experimental techniques have been reported and reviewed [56]. The vast
majority of previous studies of ESPT relied extensively on steady-state spectroscopy and a
Forster cycle analysis. Because of this approach, the results of such studies focused
exclusively on the role of the solute structure and reactivity in ESPT reactions. A smaller
number of kinetic studies of ESPT using either time-resolved or steady-state spectroscopic
methods have attempted to evaluate the influence of solvent on the ESPT process [62-64].
In addition to studies using microsolvent clusters, the microscopic understanding of
acid-base reactions has been advance;i from other fields. A wide range of gas-phase ion
chemistry studies have dealt with solvation of protons in gas-phase clusters [41-43], and

have provided insights into the energetics and structures of ionic microsolvent clusters.



10

Photoemission studies on frozen and liquid aqueous solutions have probed directly the
solvation stabilization of individual ions (conjugate bases) [65]. Picosecond-emission
studies employing fluorescent excited-state acids in solution have recently enabled highly
detailed kinetic investigations of the primary steps in proton transfer in fluid media [66].
This thesis is composed of two volumes. This volume, Volume One, constitutes
the main body of the thesis and is concerned with addressing the given scientific problem.
Volume Two is a complete and exhaustive discussion of the data acquisition and data
analysis programs used in this thesis. The programs are custom applications written by the
author for the Apple Macintosh II platform. They are complete and integrated packages
controlling all facets of the user interface, laboratory equipment interface, plotting, file
creation, printing, etc. Volume Two serves several important purposes. First, it is the
user's manual for both programs illustrating the use of their various features. Second, it is
designed to be a trouble-shooting manual for solving commonly encountered problems.
Finally, the discussion is intended to provide instruction, hints, and warnings about how
the programs work internally. Included is a tutorial on how to modify the interface for the
inclusion of new features. The discussion is sufficiently complete so that future users can
feel secure about making any additions. A complete listing of the source code for both
programs is available (see Professor Ahmed H. Zewail, California Insitute of Technology).
The remainder of Volume One is organized into six chapters and an appendix, and
is outlined in the following paragraphs. The objective is to study charge-transfer reactions
and to examine the effect of the solvent of the threshold of charge transfer and changes in
the dynamics of the process. In order to further understanding of charge-transfer dynamics
in neutral molecular clusters, a new {aboratory was built. It is a combination molecular
beam and picosecond laser system specifically designed for the study of large neutral
clusters. Since inhomogeneous broadening of the linewidths occurs in clusters, temporal

resolution is essential for measuring and understanding the dynamics that occurs in these
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clusters. The lifetimes were measured as a function of the cluster size. Such experiments
will offer insight into solvent effects on the excited electronic-state dynamics of the
molecule. The study of clusters may help to provide a microscopic picture of the
condensed phases, since direct observation of intermolecular dynamics in bulk samples is
often masked by averaging over a number of sites. By careful measurement of cluster
properties as a function of cluster size, it is hoped that a clear picture of the connection
between bulk and microscopic properties can be achieved.

In Chapters 2 and 3, the background considerations and design of the newly
constructed molecular beam and picosecond laser system are given. In Chapter 2, an
attempt is made to understand how cluster formation in molecular beams is related to the
properties of the gas expansion through the nozzle. Since the nature of the gas expansion
is often determined by the characteristics of the nozzle, the focus is on relating cluster
formation to the flow properties and geometry of the nozzle. Several empirical rules exist
for optimizing cluster formation. These rules involve the variation of the nozzle
temperature, nozzle-stagnation pressure, and sample density (Tg, Pg, p). The discussion,
by necessity on a very simple level, is intended to give the reader an appreciation for the
basis of these various empirical rules. The molecular beam apparatus and the picosecond
pump-probe laser system design are described in exhaustive detail in Chapter 3.

Chapter 4 presents results for both frequency and time-resolved studies on the
intramolecular electron transfer in p-(Dimethylamino)benzonitrile (DMABN) within a
cluster of solvent molecules. DMABN is characterized by radical changes in its dipole
moment upon excitation to the first excited singlet electronic state. In solution, twisting of
the dimethylamino moiety about the aromatic ring after excitation results in the formation of
a twisted-intramolecular-charge-transfer (TICT) state. The formation of the TICT state is
experimentally manifested by a dual fluorescence in polar solvents, versus a single

fluorescence in nonpolar solvents indicating no TICT state formation. Polar solvents are
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believed to assist the electron-transfer process by stabilizing the charge-separated TICT
state and lowering the TICT bamer Time-resolved fluorescence measurements in solution
have suggested that formation of the charge-transfer state is facilitated by ground state
DMABN-solvent complex formation [67]. Therefore, it might be possible that fluorescence
could be produced in clusters under supersonic jet conditions. It is shown that one solvent
molecule is insufficient to induce the formation of the TICT state, whereas clusters
produced in a vapor cell may exhibit charge-transfer under certain conditions.

Chapters 5 and 6 present results of time-resolved studies on the intracluster proton
transfer between the molecule a-naphthol and surrounding solvent molecules. o-naphthol
is characterized by radical changes in its acidity upon excitation to the first excited singlet
electronic state. This optically switchable acidity change can be used to investigate the
dynamics of proton transfer and of chemical reactions induced by a rapid pH jump. In
solution, the formation of the proton-transfer state is experimentally manifested by a dual
fluorescence in sufficiently basic solvents; otherwise a single fluorescence is observed,
indicating no proton-transfer. In this case, the proton transfer is believed to depend on the
proton affinity of the solvent [57). Recent spectroscopic work indicates that a threshold
exists for the number of solvent molecules required for proton-transfer to occur [57].
Similar findings were reported in time-resolved studies in matrices of B-naphthol [55].
Chapter 5 presents initial results of time-resolved studies on the intracluster proton transfer
between the solute a-naphthol and the solvent ammonia. In Chapter 6, these studies are
extended to additional solvents and the results related to both other cluster studies and to the
solution studies of similar systems.

The principal conclusions of‘ the thesis are given in Chapter 7, followed by the
appendix. The appendix reports on frequency and time-resolved work on intramolecular
vibrational energy redistribution (IVR) in the deuteriated anthracenes. This study extends

the previously successful efforts studying IVR in anthracene [68, 69].
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CHAPTER 2

FORMATION OF NEUTRAL CLUSTERS USING
SUPERSONIC BEAMS
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2.1 INTRODUCTION

This chapter is principally concerned with the mechanisms and methods of the
clustering process as it expands supersonically through a nozzle. It is well known that an
adiabatic expansion of a gas or vapor can bring about supersaturation with respect to a solid
or liquid phase of one or more of its constituent species. If the expanding gas contains
foreign particles, ions, or sufficiently large clusters of its own molecules, extremely rapid
condensation will occur on these seed species to form a dispersion of droplets or
crystallites. A challenge has been to understand the homogeneous nucleation process, i.e.,
the formation of nuclei comprising aggregates or clusters of the gas constituents.
Homogeneous nucleation leads to condensation in pure gases that are sufficiently
supersaturated.

A generation ago the timescale of most gaseous adiabatic expansions was very long
relative to the timescale of the nucleation-condensation process kinetics at the molecular
level. Consequently, the earliest observable stages of the process were relatively late in that
even the smallest aggregations of the newly formed condensed phase had already grown to
a relatively large size and had properties approaching those of bulk materials. Information
about the microscopic details was obtainable by inference from observation on such
quantities as temperature, pressure, composition and degree of supersaturation of the
reactant gas along with the number density, size distribution, and sometimes the appearance
rate for the product droplets or crystallites. Then in 1956, Becker and Henkes noted that
condensation was a phenomenon to be reckoned with in supersonic jets expanding into
vacuum from very small nozzles [1]. Since being proposed by Kantrowitz and Grey in
1951 [2] as sources for molecular beams, having actually been used for the purpose nearly
25 years earlier by Johnson [3], such %rce jets have become a widely used means and ends
for research. Because these jets are so small in dimension, issuing from nozzles with

diameters usually less than several hundred microns, the timescale of the expansion is of
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the same order as the timescale of the nucleation-condensation process. The net result is
that the earliest stages of the processes can be resolved and studied. More importantly, the
processes can be arrested at any stage along the way. Thus, by appropriate combinations
of the nozzle-stagnation pressure (Po) and temperature (To), and the composition of the
source gas, it has become possible to produce in free-jet expansions aggregates or clusters
of molecules of any intermediate size and to study their chemical and physical properties.

Cluster-beam sources may involve cluster growth from a monomeric vapor, or
cluster growth from species within a carrier gas. The appropriate method for producing
clusters depends on the average bond energy per monomer in the cluster. Molecular beams
of clusters with weak van der Waals bonds require production methods that subject the
monomeric vapor to intense cooling before reaching a collisionless regime. The cooling is
typically provided by supersonic expansions. While multistage pumping configurations
may be necessary to make van der Waals clusters, generation of the monomer units is often
trivial since most have low cohesive energies (even in the bulk) and are typically gases
under ambient conditions. In contrast, generation of clusters with large average bond
energies requires less stringent expansion conditions, but the price one must pay to produce
the monomer units is substantially higher. Examples of this are the metal clusters, which
employ pulsed lasers as the heating source [4-6]. Supersonic expansions yielding beams
of charged clusters, positive and negative, can also be made [7,8].

There are three general classes of cluster-formation methods: effusive flow [9],
flow aggregation (sometimes referred to as the gas evaporation technique) [10,11], and
supersonic expansions. Although the main focus of this chapter is the major technical
problems associated with the produc:‘tion of neutral molecular clusters in a supersonic
expansion, the effusive flow and flow-aggregation methodologies are also discussed.

The remainder of this chapter is organized as follows. Section 2.2 briefly outlines

the supersonic expansion. Modeling and characterization of cluster beams is discussed is
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Section 2.3. Section 2.4 is concerned with empirical observations about cluster formation
with respect to various experimental parameters. Finally a brief summary of the various

effusive and flow aggregation techniques is given in Section 2.5.

2.2 SUPERSONIC BEAMS

The general principles of supersonic expansions for a monatomic gas have been
discussed at length [12]; thus only a brief discussion is given here. Supersonic flow is
formed when a gas is expanded through an aperture from high pressure (Po) to low

pressure (P), and the ratio of high to low pressure exceeds a critical value given by

X
P +1]7-1
3+ =[72—] where y=—g% 2.1)

In the above equation, Cp and Cy are the usual specific heats for the gas at constant
pressure and volume. For most gases, the threshold pressure ratio is about 2.1 [13].
When this ratio is exceeded, the flow velocity at the throat (u*) is at the local speed of
sound in the gas (a*). The superscript * refers to conditions when the sound and flow
velocities are equal. Under these conditions, the nozzle is often said to be "choked" or in

“critical flow." The flow velocity under "critical flow" conditions is given by
1
2
a* =[M] 2.2)

where T is the local static temperature that would be registered by a thermometer movin gat
the same velocity as the gas. In Equation 2.2, k is Boltzmann's constant, and m is the

mass of a molecule of the gas. At pressure ratios greater that the critical value, the gas
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issuing from the nozzle exit comprises an underexpanded jet whose pressure as it leaves is
greater than P>. The jet expands radially and longitudinally downstream from the nozzle
exit in such a way as to achieve supersonic velocity. Beyond the nozzle aperture, the
translational temperature and collision frequency each decrease rapidly in a predictable way.
The microscopic result of the gas expansion is that the random thermal distribution of
atomic velocities is converted into a narrow distribution directed along the line of flow, and
that the molecules are effectively isolated from outside influences (e.g., wall collisions).
The temperature of the gas, determined by the width of its velocity distribution, can be
lowered well below its freezing point to only a few Kelvins [14].

The jet gas expands to the point where its pressure equals the pressure of the
ambient gas (P2) in the region downstream of the nozzle. Thus the boundary of the jet is
the locus of points where these two pressures are equal. As the gas expands around the
corner of the nozzle exit, it gives rise to a fan of expansion waves traveling with the speed
of sound in the jet gas. At the jet boundary, where the expansion in the radial direction
stops, these waves are reflected as compression waves, also with the velocity of sound and
with a component of velocity toward the jet axis. Because such a compression wave
warms the gas slightly, each succeeding wave travels faster than its predecessor and
overtakes it. Consequently, the succession of waves merges into a single steep pressure
front or shock wave that forms what is often called the shock barrel somewhat inside the jet
boundary. At a singularity sometimes referred to as the triple point, this barrel shock
bifurcates. The inside branch is a plane shock wave normal to the jet axis, and is
commonly called the Mach disc.

The mathematical description (?f the flow behavior that leads to this free-jet structure
is beyond the scope of this chapter [15, 16], but the results for an ideal monatomic gas and

isentropic flow can be summarized by the following equations:
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-1
T =T0[1 + 5(-1) M'%c’ﬁ] 2.3)

=L

n =no{1 + 15(7-1) Mgﬂ] oD (2.4)

| -1
z = (2)mnc'\70[1 + 5r-1) Mzﬁ] 2.5)

23 -2/3
Mg = 3.26 (% 0.075) - 0.61 (% 0.075) (2.6)

where T is the temperature of the expanding gas, v is 5/3 for a rare gas, Mgy is the effective
Mach number, n is the number density, z is the collision frequency, o is the hard-sphere
collision cross section, ;o is the mean molecular velocity, x is the distance the gas has
expanded, D is the nozzle diameter, and the subscript zero refers to the condition in the
high-pressure reservoir.

Equations 2.3 through 2.6 are valid over the region in which the expansion is
isentropic. Unfortunately, the theory for determining exactly where the boundaries of the
isentropic region are is currently lacking [17,18]). However, it has been found that a

simple, general and accurate empirical relation can be used.

12
P
%ﬂ =0.667 (Fg) 2.7)

 Equation 2.7, which is independent of v, accurately reflects experimental results for

monatomic, diatomic and triatomic molecules [19,20,21]. Ly, is the distance of the Mach
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disc from the exit of a nozzle whose throat flow diameter is D. Unfortunately, the
estimation of the diameter Dy, of the jet at the Mach disc is not on a firm basis. Values of
Dm/Lm have been found to range from 0.3 for argon (y = 5/3) to 0.5 for CO, (y = 9/7).
Implicit in Equation 2.7 is the fact that the characteristic scale dimension of the jet is
the nozzle diameter. Not just the Mach disc distance, but all other properties are scaled
with respect to downstream distance in terms of nozzle diameters. At a given number of
nozzle diameters downstream, a particular gas from a given set of source conditions has
undergone the same state change, no matter what the absolute distance. Because the gas
velocity does not depend upon nozzle size, the rate of state change becomes very large
when the nozzle diameters are small. Adiabatic cooling rates of 1010 K/s can be achieved.
The above analysis for free-jet expansions are based on continuum concepts of fluid
flow. This picture begins to blur literally if the expansion is into a vacuum, and results in
densities so low that the mean free path of both jet and ambient gas becomes large relative
to the dimension of the jet. Shock waves become several mean-free paths in diameter.
Thus the jet boundaries, barrel shock, and Mach disc become diffuse regions of scattering
collisions between jet and background molecules. Under these circumstances, which apply
to the experiments of concern in this thesis, the important problem becomes the size of the
region in which there is no appreciable penetration of background molecules. As shown by
Fenn and Anderson [22], and others [23], the appearance of background molecules on the
jet centerline occurs at distances only slightly upstream of the nominal Mach disc location
predicted by Equation 2.7. Nevertheless, Equation 2.7 remains a convenient first-order
estimate, even at very low background pressure, of the extent of undisturbed flow.
Supersonic expansions are Elsed to remove internal energy from atoms and
molecules, and to isolate them from external perturbations. This greatly simplifies the
spectra by minimizing vibrational and rotational congestion. When a polyatomic molecule

is seeded into an expansion of a carrier gas, collisions between the polyatomic molecule
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and the carrier gas (as the gas mixture flows through the aperture) tends to equilibrate the
temperature of the polyatomic with that of the carrier gas. The polyatomic is accelerated to
approximately the same speed as the carrier gas, and its velocity distribution is similarly
sharpened. The internal degrees of freedom of the polyatomic are cooled to varying degrees
depending on the cross section for collisional relaxation for each type of motion [24].
Typical temperatures for translation, rotation, and vibration may be 1K, 10K, and 50K,

respectively.

2.3 SUPERSONIC CLUSTER BEAMS
2.3.1 Modeling of supersonic cluster beams

The supersonic expansion provides a suitable flow field to investigate clustering
and condensation kinetics, but quantitation of cluster formation in supersonic beams is a
challenging problem from both the theoretical and experimental viewpoint. Theoretical
modeling of supersonic cluster beams is nontrivial since the pressure, temperature, and
particle density during the expansion vary by large amounts. Most of the kinetic
parameters are strongly temperature-dependent, and cluster densities are very nonlihear
with respect to monomer densities. The flow field of the expansion is not separable as an
external bath since the cluster growth process continuously releases its heat of
condensation. Significant clustering heats up the gas expansion, increasing the temperature
(T) and decreases the average beam velocity (u). The cluster distribution within supersonic
beams has been extensively measured by electron-impact-ionization mass spectrometry, but
electron impact tends to result in extensive fragmentation following ionization [7,25].
When the cluster size distribution is measured by mass spectrometers, the measurement
may be biased by the response of the instrument. The influence of the solid angle sampled
is also important because different sized clusters possess different perpendicular speed

ratios (S). The speed ratio is mean velocity divided by the thermal velocity spread.
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Differences in speed ratios between clusters tends to concentrate the heavier clusters on the
centerline of the beam. The use of skimmers and collimators enhance this concentration
effect. Finally, metastable clusters may fragment from the time of formation to the time of
analysis.

The theoretical and experimental difficulties mean that the description of cluster
growth in molecular beams has not been as well characterized quantitatively as has the
expansion of a monatomic gas. As a result, determination of the conditions for optimal
cluster formation is still largely an empirical endeavor. Although modeling efforts continue
[e.g., 26}, empirical techniques have been relied on for the work in this thesis. To
illustrate the complexity in modeling cluster formation, two cases are discussed. First is
one approach to the "simple" case of dimer formation in a gas. The second case is for
larger and more heavily condensed systems. Finally, some experimental results are
provided, which attempt to correlate the production and cluster distribution with empirical
parameters.

The models for dimerization are discussed first. Note that for the purposes of
linking chemistry and fluid mechanics, it is more convenient to describe the species in a
flow by their mass fraction, rather than by the number or mole fraction. The conservation

of total mass for the incompressible flow of a fluid moving at velocity (u) is given by

au du au] 0 2.8)

ox T ay dz

where p is the fluid density. The conservation equation for any species (i) in a flow field,
assuming steady-state and negligible diffusion, viscosity and heat conduction of the walls,

is given by the Navier-Stokes equation as

p[aalii + agyi + i] =5 2.9)
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where Nj = p;V; is a mass flux vector and rj is the mass production rate(g/s/cm3). Using

the conservation of total mass Equation 2.8, the steady-state species conservation equation

becomes

D N
Pox -~ Ti where ®© =%1 (2.10)

where p is total density and ® is the local mass fraction for the species of interest. Along a

streamline and at steady state, we get

dw; _ 1;
awj . Tj
dS pu 21D

where the derivative is with respect to the speed ratio. For argon dimer formation, a two-
step mechanism is used [27,28] involving a virtual orbiting intermediate state, stabilized by
collision with a third body:

A+A—>A (Step 1)

A+A, I3 Aj+A (Step 2)

The first reaction is assumed to be in equilibrium, and the rate of change of na2, the

number density of Az, becomes

szl(‘k = [1(11'13A < n“_uél; ] (2.12)
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Using Knuth's [29] analysis for the equilibrium constants K3, K2 and the forward rate
constant kg, noting that r; = m; (dn; /dt), and substituting into Equation 2.11 (with subscript

i denoting the Aj dimer) gives

_____d(l)AZ = _Eg_ Cl exp(_ M) .

S mau kT
)

1/2 -1
{11.2803(:—.1.)/ %1%(1-0),\2)3 - 2237(2%1‘”‘?(1%)' (1 + f.—r—)] O)AZ(I—(DAZ)}

(2.13)
where C; is given by the expression

12
leT] (2.14)

- 200(2.2) | ===~
C1= 0.56r02Q( )[mA

The interaction between atoms and/or molecules is assumed to be adequately represented by
a Lennard-Jones potential; thus € and © are the usual Lennard-Jones parameters. Q(2.2) is
the Lennard-Jones collision integral [30] for collisions between A and the virtual orbiting
state of the Aj dimer (see Step 2). This equation for dimer-formation kinetics can now be
integrated along any streamline in the flow field. The energy equation for the flow can now
be corrected using the dimer heat of formation. However, since this model is valid only for
small dimer concentrations, it is a good approximation to neglect the coupling of the
kinetics to the external flow.

Equation 2.13 is complicated and represents just one of several kinetic models for
dimerization [27,31,32]. Several combinations of dimensionless groups can be extracted

but the complexity of the equations suggests that a straightforward general scaling equation
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to predict terminal dimer concentration may not be easy to find. An important item to note
in Equation 2.13 is that the formation rate is proportional to p2d (= Py2d), whereas the
destruction rate is proportional to pd (=Pyd).

For more heavily condensed systems, three calculation methods have been applied
to describe cluster formation. The first is the steady-state [33-35] and time-dependent [36]
macroscopic classical nucleation theory. The overall range and limitations of the method
have been discussed by Stein [37]. The second is the direct microscopic approach of
molecular dynamics or Monte Carlo simulations [38-40], and the third is a
phenomenological microscopic approach [41].

The classical nucleation theory has been developed for isothermal infinite

supersaturated gases, and gives the classical steady-state nucleation rate as

26 \112 -AG*
Jss=(%%)2(n—%) Ve exp(—E.—-r—) 2.15)

where © is the macroscopic surface tension, ps is the saturation vapor pressure, Vis the
condensed-phase atomic volume, and AG* is the Gibbs free energy of formation of the

critical-size condensation nucleus, given by

AG*= 16703
[3(PL°kT"InS)?]

where S=2 (2.16)
Ps

where pL is the bulk-liquid density, and S is the supersaturation, and the other symbols
have their usual meanings.

The direct application of thé classical nucleation theory to cluster formation has been
questioned for several reasons. First, }t may be inconsistent to apply a macroscopic theory
for surfaces, along with its bulk variables, to systems that may not yet exhibit bulk

properties. The problem may be partially accounted for by using effective macroscopic
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variables. Molecular dynamics calculations suggest that the interfacial density profile in
microclusters is very similar to that of an infinite sheet [38]. Second, the approximation for
the Gibbs free energy of the critical-size nucleus ignores the translational and rotational
degrees of freedom of the microcluster. However, it turns out that correct calculations
differ only quantitatively [42]. Third, the rapid changes in density and temperature may
violate the assumption inherent in nucleation rate theory: isothermality and local
thermodynamic equilibrium. This is partially offset by time-dependent calculations that
relate to steady-state rates by the introduction of a nucleation time lag [37,43,44]. The time

lag (tp) is a function of temperature and pressure, and is related to the nucleation rate as
I = Jsl:(l—exp('—t))] 2.17)
Tn

where J; is the time-dependent nucleation rate. The condition of local thermodynamic
equilibrium is usefully approximated by a sudden-freeze surface model, in which the
location of the surface is a function of the local nucleation rate coefficient. Fourth, the
physical cross section of the expanding gas flow remains finite, compared to the
assumption of an infinite system in nucleation rate theory. In finite systems a minimum in
the free energy occurs, which corresponds to a stable cluster size [38]. Despite these
limitations, extensive application of the time-dependent nucleation rate theory coupled to the
equation for supersonic compressible gas flow has been made to relatively slow expansions
such as Laval nozzles by Stein and coworkers [45]. Viscous effects of the nozzle need to
be included explicitly, and the method is not applicable to fast free-jet expansions with a
rate of 109 to 101! K/s. ~

Monte Carlo simulation techniques have been applied to supersonic expansions and
to clustering [39-41,46-49], but not to both simultaneously. The cluster studies indicate

that the monomer hypothesis of the nucleation theory needed to be modified, and that
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cluster-cluster coagulation processes are important to cluster formation. The cluster

formation rate is given by

k-1 ©0

IS .

p=3 L KGk-D)pipi + PRLK(P]  (2.18)
i=1 =1

At the beginning of the expansion, the monomer concentration is largest, and therefore the
monomer addition channel is the most important single channel leading to cluster formation
of size n. However, the number of channels increases as n/2 so that cluster-cluster
reactions may quickly become important or dominant. This is especially true for the
formation of larger clusters. The importance of cluster-cluster reactions is evident for
heavily condensed beams, in which the monomer concentration ceases to be an important
mass fraction early in the expansion.

The phenomenological approach includes four types of reactions:

Ai + Ak-i —_ A; collision plus union
A; —_> Ai + Ak-i dissociation
A+M—>A +M deactivation

Ak +M—> A; +M activation

collisions that result in a union, dissociation by loss of a fragment, deactivation and
activation by collision with another ‘atom or molecule. Cluster growth is viewed as a
competing process between the four types of reactions, and modeling is done by various

numerical simulations [41,46].
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Perhaps the most useful results at this point are some empirical rules for the onset
of clustering, following the scaling laws of Hagena [50]. To avoid formation of trimers
and larger cluster in monatomic gases, a safe upper limit is not to exceed a critical value of

the dimensionless parameter, C* where

P 03 d 0.88 € 23
==0Y | X —_—
C* = € (0‘) (kTo) <15 (2.19)

For room-temperature sources of small diameter (about 25 microns) this criterion suggests
the onset of significant clustering in the range of S<Pyd(torr-cm)<10. Helium is the special
exception because the dimer is unstable, and the critical Pod for clustering appears to be
greater than 200 torr-cm.

Knuth's analysis [29], when coupled with a sudden freeze model (which assumes
that the dimer concentration increases from its stagnation value in accordance with the local
thermodynamic equilibrium until the freeze line of the expansion is reached), correlates the
avoidance of dimer formation exceeding about 1% in monatomic gases if the parameter D*

does not exceed 0.1:
3 0.4 2.4
D* =£%9_ (%) (E%) <01 (2.20)

A 10% dimer fraction criterion increases D* to about 0.4. The different scaling of source
diameter from that in the previous equation should be noted.

From the above results, and from other calculations that attempt to describe the state
of the gas as a function of its locatfon in the expansion [24,51], several notewonﬁy
features emerge. The point at which supersaturation begins depends much more strongly
on T, than upon Py, but it does move upstream with increases in the latter. Moreover, the

degree of supersaturation at any point depends very strongly upon Po. Thus, raising Po
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increases not only the interval of distance and time over which supersaturation occurs, but
also the magnitude of supersaturation at a points in that interval. In addition, the frequency
of three-body collisions that are necessary for dimer formation, presumably the first step in
nucleation-condensation, also depends strongly upon pressure. Consequently, it would be
surprising if the extent of clustering and condensation in a free-jet expansion could be
characterized by a simple dependence upon P, raised to some power, as is assumed by

many investigators.

2.3.2 Characterization of supersonic cluster beams

Two major experimental approaches have been adapted to analyze cluster growth
and concentrations and growth kinetics. Compared to electron-impact ionization, they are
nondestructive (or at least less destructive) techniques. The first is laser spectroscopy in
the form of laser-induced fluorescence (LIF), resonant two-photon ionization (R2PI), and
laser depletion [14,52-54]; and the second is the cluster-beam helium-beam scattering
technique devised by Buck and Meyer [55-57] .

An example of the use of laser-spectroscopic techniques to study cluster
concentrations is the study of the formation of the first seven van der Waals complexes of
tetracene (T) with Argon by Amirav et al. [52]. In this work, the data were modeled
assuming that the formation of all tetracene-argon complexes were due to three-body

collisions:

T-Arg.1 + Ar + Ar --> T-Ar, + Ar

Studying the excitation spectra of the molecular beam expansion, they identified seven

transitions red of the origin band of bare tetracene which they attributed to the origin bands
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of seven complexes of argon. The intensity of the excitation bands as a function of the

argon backing pressure in the expansion was described by the equation,

TR - (ptn 221)

where K is a constant and p is the pressure in the molecular beam reservoir. Thus, higher
argon pressures increase the number of three-body collisions, which increases the
concentration of clusters in the expansion.

From a study of Argon cluster-helium beam scattering [56], and by measuring the

ratio of cluster densities, specifically Ary/Ar and Ary/Ar, the exponents for a scaling law

were found

Pé(%rr:;_) = pOa e dBn  (2.22)

For clusters up to n = 6, ap = n-1, and since p(Ar) = p, one finds that p(Ar,) = pn.
When comparing previous work for the pressure dependence o exponents, the comparison
fails after n = 2, presumably because of cluster fragmentation.

The use of scaling rules to estimate and predict relative and absolute terminal cluster
mole fractions, and average cluster size, as a function of stagnation pressure, source
temperature, and nozzle diameter have been extremely popular [50,58-61]. Many of these
rules were obtained using electron-impact ionization as the experimental technique.
However, the electron-impact results are susceptible to bias by fragmentation so that the

absolute use of these rules in no longer clear.
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2.4 EMPIRICAL OBSERVATIONS OF CLUSTER FORMATION IN
SUPERSONIC JETS

In the production of supersonic cluster beams, there are three important parameters
to be considered: the stagnation pressure behind the nozzle, the nozzle geometry, and the
initial temperature of the gas before the expansion. In general, cluster content and size
increase with stagnation pressure and aperture cross section, and decrease with increasing

gas temperature [7].

2.4.1 Pressure and Temperature effects

We initially confine the discussion to continuous jet sources. Clustering is
qualitatively described in the following macroscopic picture. The isentropic expansion
leads to a decreasing gas density and gas temperature as the distance from the nozzle
aperture increases. Density and temperature drop until the expansion reaches background
pressure, where essentially all collisions have ceased. The cooling process is not an
equilibrium one; thus local regions may exist where local pressures are higher than the
corresponding vapor pressure [25]. This local supersaturation leads to clustering if the
time remaining (before the expansion runs out of collisions) is long enough. It is important
to note that clustering releases energy that heats up the molecular beam.

For a fixed cross section and gas temperature, the supersaturation point moves
upstream with increasing stagnation pressure, and the degree of supersaturation increases.
The net result is an increase in the number of collisions possible after conditions of
supersaturation have been achieved. Since vapor pressure is often exponential with respect
to temperature, decreasing the temperature can have an even more profound effect of the
amount of clustering. The source temperature is extremely important, since the saturation
vapor pressure and thus the supersaturation depend strongly on temperature. The onset of

condensation in rare gases has been correlated to temperature as T-2-2 to T-24 [59,62,63).
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It has been found [25] that the characteristic length in axially symmetric free jets is
the nozzle diameter, or more exactly, the effective flow diameter (Section 2.4.2). This
means that all else being the same, identical beam conditions occur downstream of the
nozzle at the same number of nozzle diameters. Thus collisions cease earlier for smaller
nozzle apertures, and smaller-aperture nozzles typically have larger cooling rates than
larger-aperture nozzles. Another useful nozzle geometry, especially for absorption
experiments, is the slit nozzle [64]. In such a two-dimensional geometry, gas density and
temperature fall off much less rapidly than for an axially symmetric nozzle for the same

stagnation pressure and temperature.

2.4.2 Influence of the nozzle geometry

The effective flow diameter through the nozzle is determined by the discharge
coefficient (Cp) of the orifice. The discharge coefficient is the ratio of the actual mass flow
to the ideal isentropic value. For a given nozzle, this amounts to being the square of the
ratio of effective flow diameter to the geometric flow diameter. The discharge coefficient is
determined by the Reynolds number at the flow cross section where the velocity is sonic.
The Reynolds number (Re), a dimensionless parameter expressing the ratio of the inertial
forces over the viscous forces, is of great importance when discussing turbulent flow.

An analysis for a choked axisymmetric nozzle was done by Tang and Fenn [65].
The analysis is based on several frequently used assumptions. First, the fluid is a perfect
gas with a constant specific heat. Second, the nozzle walls are assumed to be adiabatic.
Third, the Prandtl number (Pr) is unity. The Prandtl number is a dimensionless parameter,
which is the ratio of the viscosity of the material to its thermometric conductivity and is
important in the discussion of convective heat transfer. It is a constant of the material in
question and independent of the flow properties, and on the order of 1 for gases [30].

Fourth, the viscosity has a linear dependence upon temperature. Fifth, external to the
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boundary layer, the flow is inviscid and one-dimensional. With the above assumptions,

an analytical expression obtained is given below.

12
+1)3/4 1 1/2 -
Cp= 1-(72 ) [3(Y+ 1)] {72 +(6) " [4(y+1)-32] } (ReD)

12 -1
+ [2(7-1%(%2)] (731) ( Re’;)) (2.23)

where ¥ is the specific heat ratio for the gas. l—{_% is a modified Reynolds defined as

. [ o T2
RcD = Ree [m] 2.24)

where Re; is the Reynolds number at the nozzle throat. Re; is defined as

Re; = (p—e‘;—";&)* 2.25)
where D is the diameter of the nozzle throat, u is the speed of the gas flow, and p and p
are, respectively, the density and viscosity of the gas. The radius of the nozzle throat is
given by i, and r¢ is the radius of curvature of the nozzle throat. The subscript ¢ indicates
free-stream values. The asterisk indicates that the values are taken where the speed is Mach
1. For an ideal converging nozzle, this is at the plane of the nozzle orifice.

Equation 12 is a relatively simple and straightforward means for computing the
discharge coefficient of an axisymmetric nozzle in critical flow over a range of Reynolds
numbers (>200), provided only that the radius of curvature at the throat is finite and

known. No other empirically adjustable parameters are involved. It has been empirically
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found that experimental data are better matched with theory if Pr is figured into the square
root of equation 12, but the correction is often only a few percent [30]. Regardless of the
wall contour used, the interaction of real gases with the nozzle walls will always result in a
boundary layer at the wall, which decreases the effective flow diameter relative to the
geometric diameter. It has been found that clustering generally requires a Reynolds number
of greater than 400, and that the effective flow diameter for a simple converging supersonic
nozzle is often at least 0.9 times the nqzzle exit diameter for high Reynolds numbers
[65,66]. For lower Reynolds numbers, between 200-10000, the effective flow diameter
can easily be reduced by 20% [30].

There are two extreme cases for the wall contour in simple converging nozzles. In
case one, the radius of curvature for the wall becomes extremely small. This results in a
nozzle, known as a sharp-edged orifice (SEO), which is configured like a short tube of
constant cross section with one end capped by a smaller diameter aperture. Theoretical
predictions of discharge coefficients for a SEO are not well developed, but some
experimental results are available [21]. For a SEO the locus of all points at which the flow
velocity is sonic is not the exit plane of the orifice, but a convoluted surface that is convex
in the direction of flow at the center, and concave at the edges [67]. In case two, the radius
of curvature is infinite, i.e., a tube of constant cross section. For a tube with a large
enough aspect ratio (length/diameter), supersonic flow is attained upstream of the tube exit
because of viscous pressure drop along the tube length caused by the presence of a viscous
boundary layer. Supersonic flow upstream of the tube exit means that supersaturation is
obtained over a longer period in the early stages of the expansion, and the expansion has
more time to form clusters [68]. The behavior of the sonic surface with respect to the
nozzle being a SEO or a tube is shown schematically in Figure 1. The shape of the sonic
surface in the tube is parabolic, and convex in the direction of the gas flow. Calculations

of the centerline Mach number versus axial distance from the nozzle exit for a simple
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converging nozzle, a SEO, and a tube of constant cross section indicate little difference,
however clustering was shown to be greater for the tube. Classical nucleation rate
calculations indicate that clustering occurs over many more nozzle diameters for the tube
(Figure 2), and experimental measurements of argon dimer concentrations indicate at least a
factor of 2 improvement for the tube [68]. This observation prompted the question of
whether increases in cluster formation associated with partial confinement of the expansion
within the tube could be further enhanced by the addition of a diverging section to the
nozzle downstream of the sonic throat.

It is well established that the geometry of the nozzle has profound effects on cluster
formation. For axial nozzles, there are four basic geometries: sonic, laval, cylindrical, and
conical. Figure 3 shows the relevant nozzle geometries. Hagena and Obert measured the
centerline flux as a function of source-stagnation pressure for CO for the three geometries
[69]. For constant stagnation pressure and aperture, highest centerline intensities and
average cluster size were obtained for conical nozzles. It has been found for alkali metal
clusters that a conical nozzle allowed formation of larger clusters versus a similarly
configured cylindrical nozzle, and that the optimum cone angle for a conical nozzle is 30
degrees [70]. The observations are rationalized in terms of constrained expansion zones
for conical nozzles relative to sonic nozzles. The constrained expansion allows more
collisions before the expansion terminates, resulting in larger clusters [50]. Of the four
major geometries, sonic nozzles are the worst for cluster generation for comparable nozzle
diameters and stagnation pressures. Of course, this makes the sonic nozzle the nozzle
geometry of choice when cluster formation is undesirable. Further, for just producing
high-intensity molecular beams, it has been found that the sonic nozzle and capillaries work
best [71] and are easier to fabricate than their converging-diverging counterparts.

The reason that sonic nozzles without diverging sections work better as beam

sources is that in throat Reynolds number ranges permitted by affordable pumping speeds
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the boundary layer builds up so rapidly in diverging sections that they become filled with
boundary layer, and the isentropic core disappears so that the effective exit Mach number is
much lower than the nozzle area ratio would provide for truly inviscid flow. The boundary
layer build-up is so extensive because the gas density drops so rapidly. Thus the Mach
number, given by

2
M = 227D~ (2.26)

(where D is the diameter of the nozzle throat, u is the speed of the gas flow, and p is the
density of the gas) results in the Reynolds number varying as 1/D and dropping rapidly as
nozzle diameter increases along the diverging section. The rate of decrease is tempered
somewhat by the fact that viscosity also decreases as the free-stream temperature decreases.
Moreover, in the diverging section the boundary layer is shielded from the oncoming free
stream by the nozzle wall and is not as effectively swept away as it is in the converging
section upstream of the nozzle throat. The boundary layer is always at its minimum
thickness at the nozzle throat where the Reynolds number has the highest value. In the
production of molecular beams, the velocity distribution and intensity depend very strongly
on what happens during the last stages of the expansion. Even if boundary layer effects do
not intrude on the centerline gas until near the exit of the nozzle, they can still reduce the
quality of the beam by broadening the velocity distribution and decreasing the intensity.
Since the flow is contained, viscous effects are important in a thin region near the walls.
The combination of small dimensions and low densities mean that you have low Reynolds
numbers, which are characteristic of flow regimes in which viscous effects such as
boundary layers become important*[72]. This is a familiar problem in rarefied gas
dynamics. Nozzles designed to give streams or jets at high Mach numbers and low density

give rise to very thick boundary layers in the diverging section [12].
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In cluster formation, on the other hand, it is the early stages of the expansion,
where the density and local Reynolds number are high, that determine the cluster density
and size distribution. These characteristics of the cluster population are not nearly as
sensitive to collisions with wall-thermalized boundary layer gas as are the velocity
components of individual molecules. Therefore, nozzles with diverging sections can favor
cluster formation even though they are less useful as sources for generating highly
collimated beams with narrow velocity distributions. It must be borne in mind, however,
that in order to elucidate the kinetics and thermodynamics of cluster formation, one needs
complete information on the time-temperature-density history of a gas sample from
stagnation conditions to the terminal state of a cluster beam that is usually characterized by
mass analysis and other kinds of spectrometry. When boundary-layer effects are present in
the diverging section of a nozzle, it becomes difficult if not impossible to determine that
history. Consequently, although by empirical juggling of nozzle design parameters and
operating conditions an investigator might optimize with a converging-diverging nozzle the
production of clusters for a particular purpose, it is unlikely that such juggling will provide

much fundamental understanding of the cluster-formation process.

2.4.3 Pulsed versus continuous sources

Going to higher stagnation pressures quickly becomes a major challenge for
continuous jet sources, as the capacity of the pumping system is quickly overwhelmed.
Using pulsed sources offers several advantages. The sample consumption rate is very low
because of the low duty cycle. This minimizes the consumption of precious samples.
Since the valve is open for only a short time, typically several-hundred microseconds or
less, the aperture size and stagnation pressure may be significantly higher than for a
continuous system. The noise from scattered light can be dramatically reduced.

Furthermore, the larger aperture and stagnation pressures allowed by pulsed systems
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increase the Réynolds number and reduce the problems that are due to the boundary layer

between the flow and the nozzle.

From the point of view of the cluster beam, there are two potential concerns with
pulsed systems. First is the low duty cycle. This is usually a minor problem since the
experiment will often use pulsed lasers and detectors with comparable or lower duty cycles.
The second disadvantage can be more serious. Pulsed systems give beam velocity,
temperature, and cluster distributions that are not uniform throughout the pulse [73]. This
problem is rationalized as being due to a minimum opening time after which the terminal
temperature becomes independent of pulse length. This time comprises the time required
for the gas behind the nozzle to be accelerated to the exit velocity, the time necessary to
form an expansion buffer beyond the nozzle, plus the time required for this buffer zone to
equilibrate. For a typical pulsed expansion of 2000 torr of argon through a 500 micron
cylindrical aperture, the time is 15.1 microseconds [73]. However, if uniformity of the
cluster gas pulses is not a stringent requirement, the uneven cluster distribution within a
pulse can be used to advantage. Since lighter clusters are intersected earlier in the pulse,

one can discriminate somewhat against larger cluster sizes.

2.4.4 Mixed expansions

Enhanced cluster formation can also be achieved if an inert carrier gas is added.
The explanation is that the carrier gas leads to more efficient removal of condensation
energy by means of collisions with the clusters. Increasing the partial pressure of carrier
gas decreases the number of collisions between cluster-containing species. Without
removal of condensation energy, a cluster can fragment in order to release excess energy.
This fragmentation reduces the size of clusters that are generated. Eventually the dilution
effect dominates and no further gains in maximum cluster size or intensity is seen. At very

low monomer partial pressures, one can generate clusters containing one central monomer
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unit surrounded by a shell of carrier gas atoms or molecules. This is an ideal point to start
rigorous studies of solvation.

The nature of the carrier gas can also be of critical importance in determining the
extent of clustering with the carrier gas [74]. This is believed to be due to the relative
magnitudes of the interactions involved. For large differences in condensation energy
between carrier and seed, the survival of solvation complexes is unlikely, and clustering is
determined primarily by the number of allowed collisions involving seed-gas species. This
means that heavier carrier gases (giving slower beams) give more time for clustering. The
effect of terminal translational temperature seems minimal. For small differences in
interaction energy between carrier and seed, solvation complexes and terminal translational

temperature play a vital role.

2.5 EFFUSIVE AND FLOW AGGREGATION TECHNIQUES

In effusive flow, a sample of material is vaporized in an oven by heating and
effuses from the oven into a high-vacuum (10-6 torr) detector region. Since the vaporized
sample is largely confined to the oven, the vapor has sufficient time to reach thermal
equilibrium. The vapor is primarily composed of monomers, but some clusters in thermal
equilibrium at the given temperature and pressure may be present. The subsonic effusive
molecular beam is highly divergent and has a broad velocity distribution. Compared to
nonequilibrium methods, cluster abundances are low.

Aggregation methods modify the effusive technique by allowing the monomer units
to effuse into millitorr to several torr of cold quench gas. The resultant cluster size range
depends on the dimensions of the source and time allowed for cluster growth. The
monomer units are entrained in a carrier gas flow and mildly expanded into a growth
chamber through an aperture a few millimeters in diameter. Quench gas is added to the

growth chamber through a separate gas line. Cluster growth is terminated by interfacing



the growth zone with a detector chamber at sufficiently low pressure to terminate further
collisions. The vaporization and aggregation regions may be in the same chamber,
simplifying the arrangement. Molecular beams from aggregation sources are subsonic with
low centerline intensities and broad velocity distributions. Cluster-size distributions (rather
than being equilibrium ensembles) are predicated by kinetic, entropic, and thermodynamic
effects that are not well understood. Because of the mild expansion conditions, clusters in
these beams have higher internal temperatures than comparable species formed in a
supersonic expansion. Furthermore, although the method does provide higher intensities
and larger clusters than the effusive sources, the reproducibility (particularly with regard to
relative cluster intensities) are quite variable [75] Because of the critical influence of the
nature of the quench gas and its temperature.

The flow aggregation method can be taken a step further by carrying out multiple
expansions [11]. The first expansion is supersonic into a counterpropogating flow of
quench gas defining a quench region, followed by a second expansion into high vacuum.
Turbulence in the quench region produces large supersaturation ratios. The quench region
is small, so that clustering is thought to occur after the second expansion. The multiple
expansion technique alleviates the problems associated with flow aggregation methods to

some degree since the initial expansion into the quench region is supersonic.
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FIGURE CAPTIONS

Figure 1:

Figure 2:

Figure 3:

A schematic of three nozzles ranging from a sharp edged orifice (SEO) to a
tube of constant cross section. The dashed lines indicate the qualitative
nature of the sonic surface. Taken from Reference 61.

Classical nucleation rate at various axial distances in free jets from the three
types of nozzles in Figure 2. The source gas is argon at 130K and 2000
Torr. Taken from Reference 61.

The four common nozzle geometries used in supersonic-jet expansions.
Conical nozzles have been experimentally found to be optimal for cluster
formation, while the sonic nozzles produce optimal cooling.
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Effects of Nozzle Geometry on Free-Jet Expansions
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NOZZLE GEOMETRIES
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CHAPTER 3

APPARATUS FOR CLUSTER EXPERIMENTS
BY
TIME-RESOLVED PUMP-PROBE LASER SPECTROSCOPY



54

3.1 INTRODUCTION

Several experimental apparatuses were used in this thesis. The first apparatus is a
new two color picosecond pump-probe laser system coupled with a molecular beam
machine, and was used to make real-time measurements by pump-probe laser
spectroscopy. The real-time measurements use two-color resonance-enhanced multiphoton
ionization (REMPI) to ionize clusters selectively, and time-of-flight (TOF) mass
spectrometry to mass-resolve the resultant cluster ions. The second apparatus employs a
scanning Nd:YAG pumped dye laser coupled with a pulsed supersonic expansion, and was
used to obtain excitation and dispersed fluorescence spectra [1]. The third apparatus is a
time-correlated single-photon counting apparatus coupled with a continuous-jet supersonic
expansion, and was used to obtain dispersed fluorescence spectra and time-resolved
fluorescence decays [2]. The latter two apparatuses have been described before in detail
[1,2]. In this chapter, a detailed description is given for the new picosecond pump-probe
laser system and molecular beam machine. This new apparatus was designed and
constructed for the study of molecular clusters.

Conceptually, the time-resolved pump-probe experiment is simple. To identify
spectroscopically the states attained in both the reagent and product, two independently
tunable sources are required. The first photon source (pump) is chosen to match an optical
transition in the reagent. The second photon source (probe) is chosen either to ionize the
reagent to the ionization continuum, or to excite the reagent to a higher level and monitor
the laser-induced fluorescence. Ionization is done as close to threshold as possible to
minimize excess energy in the reagent. In the case of clusters, ionization near threshold
minimizes two fragmentation channels: fragmentation during ionization, and fragmentation
of the ion after its formation. The ultimate time resolution of the experimental apparatus is
-determined by the duration of the individual laser pulses, and by the relative jitter between

the pump and probe pulses.
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Supersonic expansions have proven useful for the generation and study of clusters.
However, using a supersonic expansion results in two experimental constraints. First, the
concentration of the clusters of interest in the molecular beam is often very low. Second,
the interaction volume of the molecular beam with the laser is small. Hence, a powerful
source with a high-photon flux is desirable. In addition, most organic molecules that are
conveniently seeded in a molecular beam absorb in the ultraviolet. Ultraviolet wavelengths
are typically generated from the visible output of a dye laser by frequency-doubling the dye
laser output using a nonlinear material. Visible-to-ultraviolet conversion efficiencies are
strongly dependent on the intensity of the light beam employed.

It should be noted that the molecular beam design in the pump-probe apparatus is
very versatile. In addition to REMPI, the apparatus is also configured for electron-impact
ionization (EI) and laser-induced fluorescence (LIF). LIF can be performed on either a free
jet, or a collimated molecular beam [3]. Furthermore, if low signal is a problem in
ionization experiments, the first skimmer may be removed resulting in a two-stage system.
Finally, given the high throughput of the pumps, the apparatus can be run as a continuous-
jet. For continuous-jet operation, the magnetic actuator in the nozzle is removed, and both

the nozzle-aperture size and the stagnation pressure are reduced.

3.2 THE MOLECULAR BEAM APPARATUS

The molecular beam was designed for the formation and characterization of cluster
beams. High throughput diffusion pumps and a pulsed valve in the nozzle are used to
allow for the highest possible stagnation pressure and cross section. The molecular beam
apparatus consists of three vacuum chambers: the expansion chamber, the buffer chamber,
and the Time-Of-Flight (TOF) chamber (Figure 1). The three chamber design permits
operation of the nozzle at high stagnation pressures, resulting in moderate vacuum in the

expansion chamber, while maintaining high vacuum in the TOF chamber. Unless
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otherwise noted, the apparatus is constructed out of stainless steel and aluminum. The
material grades used were stainless steel 304 and aluminum 2024.

A booklet was created to fully document the molecular beam apparatus. The
booklet consists of an overall view of the apparatus, a table listing the parts used to
construct the apparatus, and a mechanical drawing for each part listed in the table. Included
are vacuum hardware, mounts for the TOF assemblies and LIF, and the mechanical driver
for the nozzle assembly. Additional parts such as vacuum gauges and feedthroughs are not
included. For each part listed, the table shows the drawing's number, size, and title.
Original drawing sizes are indicated in the table, since many of the drawings have been
reduced to 8.5 x 11 inch size. The drawings and drawing number sequence were created
by Mr. Richard Erich, formerly of the chemistry department's instrument shop. The
booklet is available for examination (see Professor Ahmed H. Zewail, California Institute

of Technology).

3.2.1 Vacuum Chambers

The molecular beam is about 7 feet above the floor. The height is determined by the
size of the beam apparatus, and by the size of the pumps employed. The entire molecular
beam assembly rests on three 1.75 inch thick aluminum plates. The plates reston a 4 x 6
foot iron platform, and are approximately 6 feet above the floor. I-beams cross the
platform's frame to provide support for the plates. The port sizes on the pumps and the
molecular beam vacuum chambers dictate the size of the plates. The beam is bolted to the
plates through the the pump ports, the pumps themselves are bolted on the opposite side,
and the pump holes are staggered with respect to the chamber holes. The rest of the
platform is left open for wires, access to the bottom of the molecular beam, or covered by

black painted plywood for mounting other needed equipment.
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The expansion chamber is pumped by a high-throughput 10 inch diffusion pump
(Varian VHS-10), while the buffer and TOF chambers are each pumped by a 6 inch
diffusion pump (Varian VHS-6). All three diffusion pumps are equipped with liquid
nitrogen cold traps, and pneumatic gate valves. The diffusion pumps are pumped by
mechanical pumps (a Leybold D90A for the VHS-10 pump, and a single Leybold D60A
for the two VHS-6 pumps). Under normal operating conditions (50 psi stagnation
pressure, 500 microsecond pulsewidth, and the pulsed nozzle operating at 100 Hz), the
pressure in the expansion chamber is approximately 5x10-5 torr, and the pressure in the
TOF chamber is only about 7x10-7 torr. Pressure inside each of the three vacuum
chambers is monitored using standard thermocouple and ion gauges, and a pressure gauge
controller (Granville-Phillips Series 307). The gauges are mounted on flanges that connect
to spare ports on the top of each of the three chambers.

The cylindrical expansion and buffer chambers are 16 inches in diameter, and are
made of stainless steel (0.250 inch wall) to insure mechanical stability for the alignment of
the molecular beam. Each chamber has eight main ports, arranged in two crosses (Figure
1). The chambers are separated by a central flange assembly. The crosses closer to the
central flange are used to conduct the experiment, whereas the other cross is used for the
pumps and other utilities. For each chamber, 2.75 inch utility ports are attached to the main
ports where convenient, and to the end opposite the central flange assembly. On the
expansion chamber, the 2.75 inch ports opposite the central flange assembly are used for
mounting feedthroughs for the nozzle assembly driver, gas input, heater inputs, and
temperature outputs.

The central flange assembly consists of three stainless steel flanges. The main
flange is a 20 inch diameter flange, with a 8.5 inch diameter hole bored through the center.
Into the 8.5 inch hole goes a 9.5 inch diameter mounting flange. A 5 inch diameter hole is

bored through the center of the 9.5 inch diameter flange. Into the 5.5 inch diameter hole
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goes a 6 inch diameter plate on which is mounted a nickel skimmer (Beam Dynamics,
Model 2, 1.5 mm aperture). Mounted to the 9.5 inch diameter flange are the mounts for the
TOF chamber ionizer cube, and four 18 inch long guiding rods (Thomson Industries, Case
60L AISI C-1060 steel-hardened to Rockwell 58-63C, 0.5 inch nominal diameter) for the
nozzle assembly. The four guiding rods are capped at the other end by an aluminum plate.
The pieces mounted to the 9.5 inch diameter flange are discussed in more detail in Sections
3.2.2 and 3.2.3. For LIF experiments, optical baffles are used for the laser entrance and
exit ports of the expansion chamber in order to reduce scattered light. Further scattered
light reduction is achieved by painting the inside of the expansion chamber and the front of
the nozzle assembly with Xylan 1010, a black fluoropolymer paint (Whitford Corporation).

The TOF chamber is composed of a 13 inch wide tee, a 6 inch diameter tube 26
inches in length, a 4 inch inner diameter transition tube 5.125 inches in length, and the
ionizer cube (see Section 3.2.3). All the components are made of stainless steel, except for
the cube which is made of aluminum. On the end of the chamber opposite the ionizer cube
is attached a flange containing a microchannel plate (MCP) detector (Galileo model FTD
2003) for ionization experiments. The wall thickness of both the tube and the tee is 0.125
inches. The TOF chamber extends into the buffer chamber by way of the transition tube

and includes the ionizer cube. The ionizer cube is discussed in more detail in Section 3.2.3.

3.2.2 Nozzle Assembly

The nozzle assembly contains the nozzle, pulsed valve, and a reservoir for
nonvolatile samples. It is mounted on two aluminum plates held 6.5 inches apart. The
nozzle and the valve are a single unit manufactured by General Valve Corporation (Series
9), and are mounted on the front plate. The sample reservoir is mounted on the rear plate.
The mounts for the valve and sample holder fit into the slots in the aluminum plates (Figure

1) and are made out of a ceramic (Macor) to minimize heat-conduction losses. The valve is
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solenoid-activated and is usually operated at 100 Hz, with a pulse length of approximately
500 microseconds. For enhanced formation of clusters a conical-shaped (30° cone) nozzle
is used, with an aperture of 150 microns in diameter. The nozzle and the sample reservoir
can be independently heated. For the sample holder, a cartridge heater (Chromolax CIR-
2012) is used, whereas a 2 foot long and 0.5 inch wide Samox fiber heating tape (VWR) is
used for the nozzle and valve. Temperature is regulated by two temperature controllers
(Omega Engineering CN310KC). The nozzle is kept about 10°C hotter than the sample
reservoir in order to reduce clogging of the nozzle aperture by condensation of the sample.
The nozzle assembly moves on the guiding rods using ball bushings (Thomson
Industries A-81420-SS). A ball nut and ball screw combination (Warner Electric R-0308)
is used to drive the nozzle assembly. The ball nut is screwed into the back plate of the
nozzle assembly, and the ball screw is anchored to the aluminum capping plate by means of
a retaining ring and retaining nut. The ball screw has been modified for connection to the
retaining ring, and is connected to a micrometer (MDC model BRM-275) through a flexible
coupling (Figure 1). The micrometer is attached to the external end flange on the expansion
chamber (Figure 1), and has a steel extension rod attached to it which inserts into the
flexible coupling. The nozzle assembly is positioned close to the first skimmer for TOF
experiments, or farther back above the four-way cross in the expansion chamber for LIF
spectroscopy on the free jet. Two nuts are loosely fit onto two of the four guiding rods.
The nuts define the limit of forward motion of the nozzle assembly, and are thick enough to

prevent the nozzle assembly from causing accidental damage to the first skimmer.

3.2.3 The Ionizer Cube
The center of the ionizer cubé is coincident with the intersection of the molecular
beam axis and the centerline of the port used for the TOF drift tube (Figure 1). This puts

the position of the cube center 4.56 inches from the buffer chamber face of the 20 inch



diameter central flange. The cube is oriented so that the four faces not intersecting the
molecular beam are parallel to the main ports of the buffer chamber. The cube's 6 faces are
used for various purposes. The faces orthogonal to the molecular beam axis are the
entrance and exit of the TOF chamber. The face closest to the central flange assembly
(containing the pinholes) is the molecular beam entrance, and is covered by a flange which
has a nickel skimmer attached to it (Beam Dynamics, Model 2, 2 mm aperture). The
opposite face is covered by a flange, which has a 2 mm hole in the center for the molecular
beam exit. The face farthest from the MCP is used for mounting a flange containing the
ionizer assembly, the ion optics of the TOF mass spectrometer, and a pulsed electron gun
for EI. The cube face closest to the MCP is attached to the transition tube, which is
attached to the buffer chamber port associated with the TOF chamber by an O-ring seal.
The two remaining faces are used for entrance and exit of the laser beams. The face farthest
from the ceiling is the laser entrance port. A short focal length lens, mounted on a vertical
translation mount, focuses the lasers onto the molecular beam. The vertical translation
mount allows for fine adjustment of the lens focal-point position. A flat window is
mounted on the flange covering the laser exit face.

The ionizer cube is mounted on the cube mounts attached to the 9.5 inch diameter
plate of the central flange assembly. The cube mounts consist of an aluminum plate and a
solid aluminum ring: The aluminum plate has a 4 inch diameter hole bored through the
center, and attaches to the cube on the comers of the cube skimmer face. In turn, the plate
is attached to the aluminum ring. The ring has as much material as possible bored out of its
sides to facilitate pumping in the region enclosed by the ring. The orientation of the cube
and mounting pieces with respect to the central flange and nozzle assemblies is fixed by
mechanical alignment using pins. Mechanical alignment ensures that the location is
accurate and reproducible to a few thousandths of an inch. The high vacuum is required by

the MCP in the TOF chamber. Having all the critical components mounted on a single
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flange means that the entire experimental assembly is removable from the main chambers as
one unit. The assembly is removed from the main chambers through the end of the buffer

chamber, and the main chambers need not be separated.

3.2.4 Electronics

The electronics controlling the actuation of the pulsed valve solenoid and the
triggering of the laser was built in our laboratory. The control box is a dual pulse generator.
A schematic of the circuitry is shown in Figures 2A and 2B. For each TTL component, the
relevant pin number connections are indicated. Specifications for each component are
given in Reference 4. The two pulsed outputs are independently adjustable for pulse
duration and pulse delay. The repetition rate may be set from 1-200 Hz. These quantities,
as well as the total number of pulses, may be displayed on a digital read-out with a variable
sampling time. A fan and vent provide circulation of air over all the components.

The first pulsed output triggers a Wavetek pulse generator (Model 802), which in
turn triggers the Q-switch driver box for the Nd:YAG and the voltage pulses on the TOF
ionizer. The laser then triggers the Stanford delay generator, which triggers the Pockels
cell electronics (see Section 3.4.2), the boxcar (EG&G model 162 mainframe/165
integrator) and an analog-to-digital interface (see Section 3.5), or the CAMAC crate based
waveform analyzer (see Section 3.3.2 and 3.5).

The second pulsed output is sent to a valve-driver circuit (Figure 3) which amplifies
the pulse to 105V. This amplified pulse drives the valve. It is delayed appropriately,
relative to the first pulsed output, to synchronize the gas pulse with the arrival of the laser

pulses.
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3.3 DETECTION METHODS
3.3.1. Laser-induced fluorescence

The laser beams intersect the molecular beam about 10 mm downstream of the
nozzle which corresponds to x/d = 20. Fluorescence is collected and collimated using a
single plano-convex f/1.5 lens 2 inches in diameter (Figure 1). The lens is mounted in an
aluminum cup, and secured by a retaining ring. The cup is mounted onto an extension
tube, and the cup position is adjustable to allow optimization of the lens focal-point
position. The extension tube is mounted to the expansion chamber port flange which is
equivalent to the buffer chamber port used for TOF mass spectrometry. The extension tube
has a series of holes bored into its sides to facilitate pumping of the extension tube and lens
cup. A second 2 inch plano-convex lens focuses the fluorescence onto a photomultiplier
(1P28) enclosed in a side-window housing (Pacific Instruments, model 3150RF). Another
possibility is to pass the fluorescence through a monochromator before impinging on the
photomultiplier. Appropriate filters (Schott, Corning) discriminate against resonance
fluorescence and scattered laser light. If greater scattered light rejection is required, a
second telescope is used with a pinhole separating the two telescopes. The pinhole is
placed at the focus of the first telescope. The photomultiplier output can be amplified if
necessary and is fed into a variable gain boxcar integrator. The boxcar’s gate is triggered

by a digital delay generator for synchronization with the laser system.

3.3.2 Time-of-Flight mass spectrometry

Ions are created by laser multiphoton ionization (MPI) or by electron-impact
ionization (EI). MPI is used for time-resolved measurements, while EI is used for
diagnostic purposes. The time-of-ﬂight (TOF) mass spectrometer is used for mass

analysis. The TOF spectrometer and ionization methods are briefly discussed below.
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The principles of TOF mass spectrometry are well-established [5]. Positive ions
are accelerated through a fixed potential so that they acquire a kinetic energy that is
independent of their mass. The ions then travel through a field-free drift tube to a detector.
Since the velocity of an ion is mass-dependent, the arrival time at the detector is
proportional to the square root of the ion's mass. If the signal is resolvable in time, one
can deduce the mass spectrum of the ions. The simplicity of the TOF mass spectrometer is
counterbalanced by its achieving only a moderate resolution.

The molecular beam formed in the expansion chamber passes through the first
skimmer on the central flange assembly when entering the buffer chamber, passes through
the second skimmer as it enters the ionizer cube, and exits the cube through a 2 mm hole on
the face opposite the second skimmer (Figure 1). The laser enters the ionizer cube
perpendicular to the molecular beam and TOF mass spectrometer. The intersection of the
laser and molecular beam is in the acceleration region of the ionizer assembly. The two-
stage TOF mass spectrometer is based on the original Wiley-McLaren design [6]. Ions that
are produced (either by EI or by REMPI) are accelerated through two stages of electric
field, and are collimated by an Einzel lens. The drift tube is 1.2 m long and the ions are
detected with the MCP. We have achieved a resolution of approximately m/Am = 1000
with this system. The temporal and spatial characteristics of the pulsed molecular beam are
easily evaluated by ionizing the carrier gas (typically helium or argon), using the pulsed
electron gun. EI can also be used to ionize the cluster distribution in the molecular beam
since it is not selective with regard to cluster mass. Necessary voltages for the ionizer
assembly, the ion optics of the TOF mass spectrometer, and the pulsed electron gun for EI
are provided by the feedthroughs (Ceramaseal, Inc.) on their mounting flange. These
feedthroughs are connected to feedthroughs on a flange that is mounted on an external port
of the buffer chamber (Figure 1).



The ions, whether generated by MPI or EI, are detected by the MCP. The ion
signal is amplified immediately with a Stanford Research Systems 300 MHz preamplifier
(Model SR440) to minimize both transmission losses, and possible interference from the
RF noise generated by the modelocker. When taking a mass spectrum, a waveform
analyzer is used to collect, digitize, and signal average the amplified MCP analog signal.
The analyzer is based in a CAMAC crate (LeCroy 8013A). It consists of a 100 MHz
transient digitizer (LeCroy 8818A), a LeCroy MM8103A memory module, and a LeCroy
6010 Magic controller unit. We have achieved a mass resolution of approximately
m/Am=1000 with this system. The transient digitizer is triggered by the digital delay

generator in order to coordinate its collection time with the laser pulse. Figure 4 depicts a

nonresonant photoionization mass spectrum of o.-NpOH(NH;), clusters showing a typical

cluster distribution.

3.3.3 The Electron Impact/Time-of-Flight Source

The electron impact source is similar to that described in Reference 7, and is described
in detail in this subsection. Included is a detailed description of how the pieces fit together,
the circuitry, and the voltage timing. Particular emphasis is given to explaining the
operation of equipment for obtaining an electron-impact (EI) ionization mass spectrum. A
block diagram is given in Figure 5. The EI/TOF source is shown in Figure 6, and the
timing and necessary voltages are indicated in Figure 7. The high-voltage pulser circuit is
shown in Figure 8.

Briefly, a coiled tungsten filament, 0.005 inches in diameter, is mounted on an
Alumina piece. Holes for necessary electrical connections are provided by feedthroughs on
the mounting flange. The gate is a disc made of stainless steel, and has a 0.625 inch
circular aperture. The aperture is covered with a 90% transmitting Nickel mesh (Buckabee-
Mears) directly over the filament. The filament is biased to a constant positive DC voltage.
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The gate is held at a voltage slightly lower (about 10-20V less) than the filament. It is
pulsed high (amplitude of about 50 volts) for about a microsecond in tandem with the
molecular beam valve. The repeller grid is simultaneously pulsed down to the same voltage
as the accelerator grid for the duration of the electron pulse. The electron-impact energy is
assumed to be equal to the voltage difference between the filament and the accelerator grid.
The is typically set to 60 V or less.

The necessary equipment is given below. If a manufacturer's name is given, it is

simply for making identification easier.

TTL Pulse Delay Generator box Power supplies:

Wavetek 50 MHz pulse generator Harrison Labs (200V, 3A)
Electron impact (EI) box HP 6255A (50V, 1.5A)
Variac EG&G Ortec (3kV)
Voltage divider Keithley (3kV)

Microchannel Plate (MCP) Detector accessories:
Bertan (5kV) power supply
Stanford 300 MHz amplifier (SRS Model DG535)

3.3.3.1. TTL Pulse Delay Generator Box
This component provides the electronic signal to drive both the General Valve
Series 9 pulsed valve (+10V square wave) and the Wavetek Pulse Generator (+TTL). Also
provided is a variable delay, which allows for the temporal overlap of the gas pulse and the
‘pulse of electrons. Nominally this delay is 1000 microseconds for a mostly helium beam

and a nozzle to skimmer distance of 10 turns of the nozzle carriage micrometer.
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3.3.3.2. Wavetek 50 MHz Pulse Generator

This component provides the electronic signals that control the gate and repeller-
voltage pulses. In addition, the Wavetek also provides a synch out for either an
oscilloscope input or the LeCroy Transient Digitizer System. The Wavetek receives its
trigger input from channel 2 of the nozzle driver box. The output signal going to the gate
(+ going SQW) comes out of the variable output BNC connector and goes to the P1I/GATE
BNC on the EI box. The output signal going to the repeller (- going SQW) comes out of
the TTL bar BNC connector and goes to the P2/REPELLER BNC on the EI box. Both of
these output signals are approximately 2 microseconds wide and are sent without any
additional delay in the Wavetek. The variable output is also used to provide the synch-out

to either the oscilloscope or the LeCroy Transient Digitizer System.

3.3.3.3. The Electron Impact (EI) box:
This is the central component of the electron impact/time-of-flight mass

spectrometer. Its description is broken down into 6 parts.

A. AC Power

The box has no power switch. Power up by plugging the box into a wall socket
using the three-prong receptacle marked BOX POWER.
B. Filament Power

The EI box contains a 14V/S amp transformer for the filament. This transformer,
which is biased at high voltage, receives its power from a Variac (set to approximately 80)
The power from the Variac to the transformer is carried on a 115V extension cord and
passes into the EI box through the 115V receptacle marked FIL POWER. The current
through the filament (approximately 2.5 amps) is monitored with a Triplet ammeter

mounted on the EI box.
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C. Bias Voltage

There are three high voltages that are inputs into the EI box. The voltage going into
the MHV connector marked GATE BIAS (740V) comes from one of the EG&G HV power
supples. The voltage going into the MHV connector marked FIL BIAS (750V) comes
from the other EG&G HYV power supply. The voltage going to the MHYV connector
marked REP BIAS (900V) comes from the voltage-divider box, which gets its
power/voltage from the Keithley power supply.

D. Gate Pulse Voltage and Trigger

The voltage pulse going to the gate comes from the HP power supply (50V) and
passes into the EI box through the BNC connector marked GATE/PV1. The electronic
signal controlling the Gate pulse (+ going SQW - 2 microseconds) comes from the variable

ouput on the Wavetek and passes into the EI box through the BNC marked GATE/P1.

E. Repeller Pulse Voltage and Trigger

The voltage pulse going to the repeller comes from the Harrison power supply
(100V) and passes into the EI box through the BNC connector marked REP/PV2. The
electronic signal controlling the Repeller pulse (- going SQW - 2 microseconds) comes
from the TTL bar ouput on the Wavetek and passes into the EI box through the BNC
marked REP/P2.

F. Outputs
The output voltages and filament current exiting the EI box pass through a group of
4 MHYV connectors on the box near the Triplet ammeter. These connectors are clearly

labelled as GAT-P1, REP-P2 and a pair marked FILAMENT. High-voltage cables are
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used to carry the capacitively coupled bias voltages + voltage pulses and the high-voltage

biased filament current to the MHYV feedthroughs located on the molecular beam machine.

3.3.3.4. Miscellaneous

There are two other important items that have to be set. They regard the remaining
voltages and the extent of MCP signal amplification. First, the remaining bias voltages to
the TOF lens system, TOF2 (800V) and LENS (300V) comes from the voltage-divider box
and are carried via long high-voltage cables to the MHV feedthroughs marked TOF2 and
LENS on the molecular beam machine. Second, the MCP detector bias voltage, which
comes from the Bertan power supply, is <2000V, and the amplification via the Stanford

amplifier should be 25X (5X per amplification stage).

3.4. THE TWO COLOR PICOSECOND LASER SYSTEM

The tunable, visible or ultraviolet, picosecond laser pulses are generated in distinct
steps: (1) A CW Nd:YAG laser is mode-locked and Q-switched to give 1064 nm
picosecond pulses; (2) the IR pulses are frequency-doubled to the visible, and the visible
pulses are used to synchronously pump two dye lasers in tandem; (3) the dye lasers are
cavity-dumped to give picosecond pulses in the visible; (4) the visible pulses, if necessary,
are frequency-doubled to the ultraviolet; and (5) the visible or ultraviolet laser pulses are
sent to the molecular beam. The laser system, based on a design from Stanford University
[8] and schematically illustrated in Figure 9, is capable of producing 20 ps pulses with up
to 10 microjoules visible light per pulse out of each of the two dye lasers. The laser
repetition rate can easily be up to a kilohertz, although the experimental repetition rate may

be less due to constraints from other equipment.
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3.4.1 The Mode-Locked Q-Switched Nd:YAG Laser

The Nd:YAG laser is a homebuilt system built from components taken from a
Quantronix 416 CW Nd:YAG laser (Figure 9). The acousto-optic modelocker (Model
352), acousto-optic Q-switch (Model 351), and their respective drivers are also from
Quantronix. For optimal thermal stability the resonator cavity is supported by Invar rods,
and all the critical mounts are made of stainless steel (Klinger). The resonator cavity is
bound by a high-reflector mirror (200 cm radius), and an output coupler (-120 cm radius,
12% transmission).

The Nd:YAG is modelocked at 78 MHz. This produces a train of pulses, each with
a FWHM of 100 ps and separated by 13 ns peak-to-peak. The Q-switch repetition rate is
variable and the Q-switch can be triggered by an external source, which is typically the
pulsed vvalvc driver. The combined action of the Q-switch and modelocker results in a train
of modelocked pulses inside a Q-switched envelope. This train of IR pulses (1064 nm) is
then frequency-doubled with a 3 x 3 x 5 mm KTP crystal (Airtron) to 532 nm. The
Nd:YAG laser energy output is about 640 microjoules per Q-switched envelope at 532 nm,
and depends on the laser alignment and condition of the krypton arc lamp. The 532 nm
green light is then split by a 50/50 beamsplitter in order to pump the two independent dye

lasers.

3.4.2 The Cavity-Duinped Dye Lasers

The dye laser is synchronously pumped by the Nd:YAG. The dye laser cavity
consists of a 1 mm pathlength dye cuvette, two flat broad band high reflecting mirrors, a 25
cm plano-convex lens as the focussing element, and an iris is also included for transverse
mode selection (Figure 9). The laser beam waist in the cavity is located approximately on
the rear mirror, which is next to the dye cuvette. The circulating dye is pumped through the

cuvette by a micropump (Micropump Corporation; model 120 for the pump, model 415 for
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the motor). The dye cuvette is set at the Brewster angle to maintain polarized light in the
cavity, and is located as close as possible to the rear mirror. Best results were found when
the focal point of the intracavity lens lies between the cuvette and rear mirror, and closer to
the rear mirror. Dye laser performance is optimized by maximizing the overlap of the 532
nm pump, and the dye laser spot in the cuvette. This is achieved by focusing the pump light
to match the dye laser spot size, and by bringing the pump light in as collinear as possible
to the dye laser beam. The polarization of the pump beam and the dye laser should also be
matched. The dye laser runs with optimum power when the dye solution in the cuvette
absorbs approximately 90% to 95% of the incoming 532 nm pump. The dye solution
concentration is optimized by starting with a 100 mg per liter solution, and then adding a
concentrated solution of the same dye until maximum power is reached. After enough
concentrate has been added, the laser power levels off. Further addition of dye may lead to
reduced laser power. Once the dye solution is made, and assuming it is not contaminated,
it should be necessary only to add methanol occasionally due to evaporation.

Synchronous pumping of the dye laser is achieved by carefully matching the optical
pathlength of the dye laser to that of the Nd:YAG. Note that the optical path length differs
from the actual cavity length because of the indices of refraction of the cavity components.
By matching the optical path lengths, the oscillation period of a pulse in the dye laser is
matched to the modelocking frequency of the Nd:YAG. As a pulse oscillates in the dye
laser, it is amplified during each successive pass through the dye cuvette, by each
successive modelocked pulse coming from the Nd:YAG. The pulse intensity in the dye
laser increases until losses in the cavity are greater then the gain produced by incoming
pump pulses (due to the profile of the Q-switched envelope). When the dye laser pulse is at
its maximum intensity, it is cavity-dumped electro-optically.

The cavity dumper apparatus consists of a Pockels cell (Quantum Technology QK-
10-1) coupled with a Glan laser escape window (Karl Lambrecht MGLA-SW-8). The
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Pockels cell is essentially a KDP crystal that acts as a quarter-wave plate when a specified
voltage, approximately 2.4 kV for 600 nm light, is applied axially. The Glan laser-escape
window is a calcite polarizer that allows light of one linear polarization to pass through, but
will reflect light of the opposite polarization out of the cavity. When the pulse in the cavity
reaches its maximum intensity, a VFET switching circuit with a rise time of a few
nanoseconds is triggered to place 2.4 kV across the Pockels cell [9]. After two passes
through the Pockels cell, the pulse is of the opposite linear polarization, and is dumped out
of the cavity by the Glan laser window. This near instantaneous high loss essentially stops
lasing in the cavity until the next Q-switched pulse train arrives. The Pockels cell is
triggered by a photodiode monitoring leakage from the high reflector of the Nd:YAG laser.
A digital delay generator (Stanford Research Systems model DG535), is used to achieve
the optimum dump time (Figure 9). Note that this digital delay generator is also used to
trigger the transient digitizer and the boxcar during the data acquisition process.

Two intracavity etalons (a S micron airgap and a 100 micron solid etalon, Virgo
Optics ET-3 and ET-100, respectively) are used for wavelength selection. Both etalons are
required to obtain resolution on the order of 3 cm-l. The 5 micron etalon acts as a broad
band filter, and the 100 micron etalon acts as a narrow band filter. The superposition of
these two bands on the dye gain curve gives the laser frequency band. After cavity
dumping, the visible light pulses are sent to the molecular beam, or if necessary,

frequency-doubled to the UV using a LilO4, BBO, or KDP crystal.

3.4.3 Time Resolution by Michelson Interferometry

The time resolution of the pump-probe experiments is achieved by delaying the
probe pulse relative to the pump pu1§e, using Michelson interferometry techniques. The
pump laser beam is collimated and sent down a static delay line before being directed into

the molecular beam. The probe laser is sent down a variable delay line. The variable delay
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line consists of a corner cube (Precision Lapping, 1 sec. accuracy w/MgF, coating)
mounted on a stepper-motor-driven translation stage (1 micron/step). The difference in
path length between the pump and probe pulses gives the temporal resolution for our
experiment. The translation stage used is an Aerotech ATS224 linear positioning stage with
a programmable Unidex I driver. The variable delay line can provide up to 4 ns of delay
time per pass. Longer transients could be measured by making successive passes through
the variable delay line, but laser power losses through the corner cube make this impractical
with the present arrangement.

The laser beams are then recombined on a mirror after which they are propagated
collinearly and focused onto the sample. Focusing was achieved by use of a lens mounted
on the TOF cube laser inlet. The TOF cube is described in Section 3.3. The lens is
mounted on a vertical-motion translation mount so that the position of the focal length can
be adjusted as necessary. The position of the lens is normally placed to where the greatest

enhancement is seen between the pump and probe signals.

3.4.4. Pulse Characterization

Laser pulses from the dye lasers are characterized by taking their autocorrelations
and cross correlations. The dye laser output is split into two arms, with 50% of the light in
each arm. One arm is a static delay, while the other arm is sent down the optical delay line.
The returned beams are récombined and focused into a nonlinear crystal with a converging
lens. The second harmonic generated by this technique is essentially zero except when the
pulses are temporally overlapped in the crystal. Thus the method is essentially a zero-
background method [10,11]. By suitable adjustments of spatial overlap, relative
pathlengths and phase-matching angie, the cross correlation between the two dye laser

outputs is also obtained.
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3.4.5 Optimizing and Aligning the Laser System
There are a number of routine procedures for laser alignment and performance
optimization. They are reported below for the benefit of others using this system or other

similar systems.

3.4.5.1 The Mode-Locked Q-Switched Nd:YAG Laser

Turning on the Nd:YAG laser consists of first turning on the cooling water,
followed by the ignition of the flashlamp. The lamp current is set so that the lamp will draw
10 to 12 amps when ignited. Then the current is slowly increased to the operational level,
approximately 32 amps. The above procedure is done with the resonator cavity blocked,
and with a beamstop placed in front of the KTP doubling crystal. Note that as lamps age
they will require slightly more current in order to provide enough power and stability. The
modelocker and Q-Switch should be turned on now since they need a warm-up period as
well. The YAG is very stable and should not require a long warm-up period, with 30 to
40 minutes being sufficient.

The performance of the Nd:YAG is monitored by using the IR leakage through the
high-reflecting mirror (about 0.1%) displayed on an oscilloscope (Tektronix 4650B, 400
MHz). The maximum value of the pulse train should be between 4 and 5 volts (with the
current photodiode circuit). The maximum of the prelasing signal should be approximately
15 mV. The prelasing should follow the pulse train by 400 microseconds, and should
display a stable, exponential decay. The timing jitter in the prelasing signal is about 20
microseconds. Currently, this does not seem to be a significant problem. At 500 Hz, the
measured green power should be between 300 and 350 mW, corresponding to 600 to 700
microjoules per pulse train. ‘

If the Nd:YAG needs adjustment, then the following steps can be taken. Any

tuning of the laser cavity is done while monitoring both the 532 nm power, and the
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prelasing on the oscilloscope. If the prelasing decay is unstable, nonexponential, or has no
decay, the problem usually is that the cavity length is slightly off. This is corrected by
tweaking the micrometer at the high-reflector end of the cavity. To further optimize the
power and the prelasing, one can slightly tweak the X and Y axes adjustments on the high
reflector mirror mount of the cavity. In day-to-day operation, tweaking of the high reflector
mirror mount is often all that needs to be done.

If the Nd:YAG is still not optimal, then there are a few other possibilities. First
check the arc lamp current, especially if the lamp has run for more than 200 hours. The
stability of the laser output is affected by the lamp current. However, the lamp current
should never exceed 35 Amps. Second, the lamp may need replacement. Third, although
this rarely needs to be done, check the Q-Switch angle and RF power level. The directions

for the the Q-switch angle and RF power adjustments are in the Quantronix 416 manual.

3.4.5.2 The Cavity-Dumped Dye Lasers

The dye lasers were aligned in a series of steps. First, lasing is established without
any internal components present other than the dye cuvette and focusing lens. The laser
beam is centered within the cavity and optimized. Then additional internal components are
added one at a time, and lasing is reestablished between each addition. First the Pockels
cell assembly is added, then the polarizer, and then the etalons. In the following
discussion, rear mirror refers to the dye laser mirror, which is on the same side of the
optical table as the output coupler of the Nd:YAG. Likewise, front mirror refers to the dye
laser mirror, which is on the same side of the optical table as the high-reflector mirror of the
Nd:YAG.

The dye laser, using only th\e dye cuvette and focussing lens, was aligned as
follows. First, the end mirrors are set up so that the cavity length is close to the cavity

length of the Nd:YAG laser. The dye cuvette should be set as close as possible to the rear
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mirror, and the lens is set so that its focus is between the cuvette and the mirror. When
lasing is achieved, the 532 nm pump beam coming from the Nd:YAG should come in
almost collinear to the line of lasing in the dye laser, and the spot size of both laser beams
on the cuvette should be about equal. The spot size of the pump beam is controlled by an
external lens before it intercepts the cuvette, and should be passed through the approximate
center of the cuvette. The next step is to focus the images of the cuvette and of the spot off
the rear mirror onto the front mirror. This is accomplished by tweaking the X and Y
angular axes on the rear mirror, and the vertical and horizontal position of the intracavity
lens. This task is made easier by placing a white card in front of the front mirror so that the
image is visible. Once this is done, the reflection off the front mirror should be reflected
onto the rear mirror and cuvette. At this point, with no obstructions in the cavity, one may
see lasing. If lasing does not occur, first tweak the location of the pump pulse on the
cuvette. This is a very sensitive adjustment, and should be done slowly through a
horizontal and vertical scan. If this fails to initiate lasing, then try tweaking the end mirrors.
It may take several iterations of first tweaking the location of the pump pulse on the cuvette,
and then tweaking the end mirrors.

Once lasing is achieved, the dye laser can be optimized for power. A photodiode is
used to monitor leakage through the front mirror. The cavity length is optimized by
adjusting the location of the front mirror so that the dye laser leakage intensity is
maximized. If lasing is not centered on the end mirrors, the laser beam can be walked
around inside the cavity by adjusting the two mirror angles relative to one another. This is
possible since the end mirrors are flat. Using the pump-beam steering mirrors, maximize
the overlap of the pump beam and the dye laser beams in the cuvette. The quality of the
overlap can be judged by how close £he pump and laser spots are on the rear mirror. The
pump-spot size is adjustable by varying the location of the lens on the pump beam. These

adjustments should have a significant effect on the leakage intensity.
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The main difficulty with the installation of the cavity dumper and etalons is that the
optics is relatively thick, and therefore significantly lengthens the optical pathlength of the
laser. The 5 micron air-gap etalon also deflects the beam path as well. Therefore it is
important to adjust the cavity length after the installation of each component. The Pockels
cell is the most difficult component. The 100 micron etalon is installed last, since it is so
thin that it does not deflect the beam path significantly.

Install the Pockels cell close to the front mirror. Have the beam path through the
center of the aperture, and have the faces of the Pockels cell windows set approximately
perpendicular to the beam. Adjust the cavity length to optimize the leakage signal. At this
point it is possible to follow the instructions in the Quantum Technology manual for the
alignment of the Pockels cell. By lining up two pinholes with the dye laser beam and then
passing the HeNe beam through these two pinholes, we can line up the Pockels cell in the

correct position for our beam.

3.5 DATA ACQUISITION AND ANALYSIS

An Apple Macintosh II computer is used to control data acquisition and perform
data analysis. Two NuBus boards are used for interfacing the Macintosh II to the
laboratory equipment. One is an A/D board (National Instruments NB-MIO-16H-9), and
the other is an IEEE board with DMA (direct-memory access) capability (National
Instruments NB-DMA-8-G). A typical transient is obtained by averaging a data point,
using either the boxcar or transient digitizer, over a couple of hundred laser shots for each
position of the optical delay line (Figure 10). If data are collected using the boxcar, the
boxcar averages the signal over a prescribed window and then dumps the data point to the
Macintosh II through an analog-to—di;gital interface (National Instruments Lab Driver). If
the signal is collected through the transient digitizer, the completed signal-averaged

spectrum is DMA-transferred to the Macintosh II. Since the signal-to-noise scales as the
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square root of the number of scans, it is preferable to make multiple data scans with each
scan being done as fast as possible. This reduces biasing that is due to the laser or
molecular beam system drifting over time. Typically, a scan of the delay line takes about 6
minutes, and 50-100 scans were required for an acceptable signal-to-noise ratio.

When cluster sizes are small, the single cluster sizes can be excited. Thus, only one
mass peak is of interest, and the signal from the MCP is directed toward a boxcar
integrator. For larger clusters, a distribution of cluster sizes is seen. In this case single
cluster transients are obtained using either the boxcar, or alternatively from experiments in
which the signal for all clusters is averaged by the transient digitizer at each delay line
position. In the latter case, individual transients are reconstructed from the averaged mass
spectra.

The system response function is approximately Gaussian with an autocorrelation
FWHM of about 40 ps. The autocorrelation pulsewidth is used to obtain rate constants
from the measured transients. A standard nonlinear least-squares analysis based on the
Marquardt algorithm is used [12]. If the rising edge of the transients is not fit by the
system response, then the transients are fit with a calculated Gaussian response function
whose width best matches the rising edge of the transient. The quality of the fit is judged
by the value of the chi-square between the real and fit data.

The data acquisition and analysis software used in this laboratory was developed by
the author. The software consists of two independent applications conforming to the
Macintosh User Interface guidelines. The first is entitled Data Acquire, and is for data
acquisition and some data analysis. From Data Acquire, instructions can be sent to, and
received from, various laboratory hardware components such as the boxcar, transient
digitizer, and optical delay line. Thc‘ second is called Data Analysis, and retains all the
data analysis features of Data Acquire plus more advanced data analysis and function

generation capabilities. Data Analysis has no communication features for external
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equipment. Both programs have capacities for plotting data on the computer monitor,
reconstructing transients from previously saved mass spectra, data manipulation, curve
fittings, convolution, file generation, and printing. A detailed description of both programs
from the point of view of both the user and the programmer is given in Volume two of this

thesis.
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FIGURE CAPTIONS

Figure 1:
Figure 2A:

Figure 2B:

Figure 3:

Figure 4:

Figure §:
Figure 6:

Figure 7:
Figure 8:
Figure 9:
Figure 10:

Overall top view of the 3-chamber molecular beam apparatus.

One-half of the circuitry for the TTL pulse delay generator. Numbers on
the TTL components (e.g., 74221 Dual Monostable Multivibrator)
correspond to pin numbers. The function of each pin is listed in
Reference 4. The six lines with arrows at the right of the figure are
connected to the six lines at the left of Figure 2B. The output TTL pulse
from the combined circuit of Figures 2A and 2B is sent to the amplifier
circuit (Figure 3).

One-half of the circuitry for the TTL pulse delay generator. Numbers on
the TTL components (e.g., 74221 Dual Monostable Multivibrator)
correspond to pin numbers. The function of each pin is listed in
Reference 4. The six open lines at the left of the figure are connected to
the six arrowed lines at the right of Figure 2A. The output TTL pulse
from the combined circuit of Figures 2A and 2B is sent to the amplifier
circuit (Figure 3).

The amplifier circuitry for the pulsed valve driver. The input pulse is

shaped by TTL components (Figures 2A and 2B). The output pulse
drives the magnetic actuator of the pulsed valve.

A nonresonant photoionization time-of-flight mass spectrum of «-
NpOH(NHj;);, clusters showing a typical cluster distribution.

A block diagram of the equipment for obtaining EI/TOF spectra.

A schematic of the EI/TOF source. Shown are the ionizer assembly, ion
optics, and pulsed electron gun. The assembly is mounted on the ionizer
flange, and housed in the ionizer cube.

The EI/TOF timing diagram and the necessary voltages.

The EI/TOF high voltage pulser circuitry.

Schematic of the picosecond laser system.

Schematic of the experimental arrangement depicting the picosecond laser

system and cluster beam apparatus. The configuration is for performing
resonance-enhanced multiphoton ionization (REMPI) experiments.



81

Molecular Beam Apparatus Schematic. Top View.

Rotary
Feedthrough
Expansion Chamber
(Fluorescence)

¢ — T .

L ]
Flexible
Coupling

Nozzle Carriage Plates l:t
(Sample holder and Nozzle in white) N — Ball Nut
Ball
LIF Collection lens \ ™~ Screw
—

to PMT ~—u-vuro

Central Flange Assembly ——m7M8

TOF Chamber
(Mass spectra)
A I

MCP
detector

'm

Buffer Chamber
(differential pumping)

Figure 1



2 sp
} £EE3 t e
ddocy |, 01D s 2
60— |—— & 83
diy . 6D
youmg o ALy
wpip osmd | 9TOa— | ”
00TX 01X "1 2415, 18D 8
0120 (TS 189 | e
$T g
A0 B . ] =,
(ur) pi osing zep U1 ZD‘ 5
(Wwnp 1) 1od TOZ | 2D YV
& \n &~ 0 M
ddoty LD a )
170 —— s
diy , 90 -~ oq =
001X ‘QIX ‘TX - 55
d .
€1-00 w3l 159 <& o
_IJ < - - w
(=) 4ap gono [ 72 % th
— =
- B e —
() Aejoqy A 'z v a7
(WL 0D 19d TH0Z | 417 | ;
IOWUOW TLL E1-€D |
111D e
»i3u] A B a mER
PO €D =2 = B
I AAAA —e Enh AAA BT ~
A
R
B (=, - -]
110 - =2 5 g T
N S -
"B93u] °SF
»33u] ‘ | |
o1 = adoot| |+o
[ 011D -
[ ¢10 -
YA B3I | £1-1) —~-—
LRI e
5 -k
>
-]
PI-1D .3 —e—— 24 T
bo1g s[quimp " ™
104 BOTUWI | 28 & . g :f”fl €3
1D - ~ I
v 0l S do)
&g S ==
‘ ' 4doos 1D
2 jos T¥

82

— 0@

Figure 2A




83

ddoLyy 1 81D
60 l__
UNMS 44y, L1D
mpi I | 9vD ~a——ri] | )
001X ‘QLX ‘IX M 1 D .
owoAdd‘SHgD © o asp
- 3 E
(o) ity asnd A | > ¥ <2 2835
(wmy, 1) 104 HOT R = & o5
1@ £9) ; v % § 10 o
ynims Kereq | ddip | 191D - § 3 o
001X ‘01X ‘X - | 2§w3
4dU'gy 1 €10 .
e R 33 .
(o) eppq [710 - xRS o
HONO | ZTvD - o
et n —
(no) Awaqg oiqeusp | 1O v, -
(WoL 01) 10d BHZ | pryo g t = =T - I
s 13
KereQ/md o -
w\
o B —_
aad
* =838
(1n0) Ae3(q 8-€D = o &=
-y - - —
sopopg | (D ARA €D -
moful © o =
(o) Md €€ - i
mmd ¢ T
T T
ro = 58 58
pyndury AT 91N yv= ©=
., | g WV
o 288U, g ©
k| AL sTd
25«
2 - g
'né' ,§§
(2] 2 ~
" g 5%
v 25 | dote ¥
S - AlS T =
a BL (48] <
piy & 5 At 0Ty o % A
e e T = "5’
AT 6 . E’
VTTTINT
L

Figure 2B




84

IVASLI

\

4

LOOPNL X b

d

ASLI:SHL
H3IWYOASNVYHL
NOI1V10SI

40 14
Mol

$3qold
H3N3z
A6E X b

U8’

—AWW—] 11

(6 S343S
‘IATIVA TYYHINI9)

JATIVA

[AY"]

Figure 3



85

00S

(nure) sSe]\

1147 00v 0S¢ 00¢ 0S¢ 007 0S1
T | T T T T 0.0
g 4 g ull
i l j 120
™ mﬁ : 170
01 G
R . 90
I UEHN) loyrydeu-g 180
0

01

[eUSIS [BUIION

Figure 4



86
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Timing Diagram for EI/TOF Voltages
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CHAPTER 4

STEPWISE SOLVATION
OF THE
INTRAMOLECULAR-CHARGE-TRANSFER MOLECULE

p-(Dimethylamino)benzonitrile

This chapter was adapted from the publication:
L.W. Peng, M. Dantus, A.H. Zewail, K. Kemnitz, J.M. Hicks and K.B.
Eisenthal,“Stepwise Solvation of the Intramolecular-Charge-Transfer Molecule p-
(Dimethylamino)benzonitrile," Journal of Physical Chemistry, 91, 6162-6167 (1987).
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ABSTRACT

This chapter presents a systematic study, both in a supersonic jet expansion and in a
thermalized vapor, of gas-phase p-(Dimethylamino)benzonitrile (4-DMABN). From the jet
studies, the excited- and ground-state vibrational spectra of the isolated molecule are
resolved, and the spectroscopy of the stoichiometric complex with water, methanol,
ammonia, and acetonitrile in the beam is reported. It is concluded that 1:1 complexes are
not sufficient for the local perturbation to cause charge separation. At higher temperature in
the jet, we observe emission that we attribute to 4-DMABN self-complexes. Under high
pressure and temperature conditions (>30 mTorr, 60°C), red-shifted fluorescence from 4-
DMABN is observed. This is attributed to the charge-transfer state of 4-DMABN in self-

complexes.
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4.1 INTRODUCTION:

Many recent investigations have focused on the role of the solvent in the charge-
transfer process for molecules in solution [1-20]. Both intramolecular [8-14] and
intermolecular [15-17] charge separations have been studied. The solute-solvent
interactions can be passive, as observed in the cage effect where the primary role of the
solvent is to trap the solute particles within a volume, enabling them to collide and react
with each other [18-20]. The solute can also be actively coupled to the medium, as in the
case of charge-transfer reactions where the energies of initial, intermediate, and final states,
the reaction pathways leading to different products, and the kinetics of the transitions can
be dramatically affected by the solvent. Static [1,3,10] and dynamic [4,6,14] polarity
effects, as well as local solute-solvent interactions [21] such as hydrogen bonding are
important in these latter processes.

An example of a molecule that interacts strongly with polar solvents is p-
(dimethylamino)benzonitrile (4-DMABN). In polar solvents, an excited 4-DMABN
molecule undergoes a rotation of the dimethylamino group about the amino-phenyl bond to
achieve a perpendicular geometry with respect to the plane of the benzene ring [22]. This
motion results in charge separation, as evidenced by the measured increase in the excited-
state dipole moment from 6 to 16D [23]. In polar solvents, the twisted, charge-separated
form is stabilized, and a dual fluorescence appears. It consists of a UV component plus a
new red-shifted emission that does not appear in nonpolar solvents. Rapid equilibration
between the twisted and planar forms in polar media yields the dual fluorescence. This
twisted internal-charge-transfer model (TICT), was first proposed by Grabowski and co-
workers [22]. Picosecond spectroscopic studies [11,24] have confirmed that (i) the planar
state is the precursor of the twisted state and (ii) equilibrium between the two states is
established during the excited-state lifetime. Further, the dominant solvent effect on the

dynamics of the charge separation in this case has recently been attributed to static polarity
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effects [10]. The proposal of a barrier whose height changes with the polarity of the
medium gives a simple explanation for the appearance of dual fluorescence in polar
solvents and a single UV fluorescence in alkanes: A certain polarity is required before the
TICT barrier is low enough to allow the forward TICT process to proceed within the
lifetime of the initially excited state.

The recent work by Robinson et al. [25] and others [26] attempts to deduce the
number of water molecules that must be present in order to induce effects such as the one
described above for 4-DMABN. The idea is that a critical number of solvent molecules
exist for a given charge-transfer or proton-transfer process. It is conceivable in the case of
4-DMABN that a 1:1 4DMABN/solvent complex could provide sufficient stabilization by
charge-transfer or dipolar interactions to permit the photoisomerization of 4-DMABN to its
twisted charge-transfer state [27-30].

In order to investigate some of these ideas about the role of the solvent, we have
undertaken studies of 4-DMABN in a supersonic beam and in a thermalized vapor as a
complement to liquid-state studies. The beam studies are similar to earlier work on
solvation in the isoquinoline/water [21] system and on charge transfer in the
anthracene/dimethylaniline [31,32] system. In the gas phase, some derivatives of 4-
DMABN have been studied [13,30]. Another compound thought to undergo TICT, 9,9'-
bianthryl, has been studied in a supersonic jet [34], where it was found that charge transfer
occurs on the addition of one acetone molecule to the solute [35]. However, in this case,
no evidence was given for the 1:1 stoichiometry, and it is not ruled out that higher
complexes were responsible for the observed charge-transfer fluorescence.

The idea of the beam work is to generate 1:n solute to solvent complexes (water,
methanol, ammonia, and acetonitrile ;vcre the solvents in these studies), and to determine
thereby the relation between the solute-solvent interactions and the TICT process. Among

the issues concerning the twisted internal charge transfer of 4-DMABN are the critical
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number of solvent molecules, the relative contribution of the local and the long-range
stabilizing forces (the latter force can be important in liquids), and the details of the solute-
solvent interaction, e.g., steric effects, hydrogen bonding, and dipolar interactions. The
high-pressure vapor work sought to determine if, in a gas-phase dimer or small cluster, 4-
DMABN itself could act as a stabilizing solvent molecule to a photoexcited member of the
cluster. Earlier work on very concentrated 4-DMABN/alkane solutions showed that a
ground-state molecule could form a loose complex with an excited 4-DMABN [29] and
thus provide the stabilization required for the photoisomerization to occur.

In this chapter, we present a systematic study of solvated 4-DMABN in a
supersonic jet expansion. We resolve the excited- and ground-state spectra of the isolated
molecule, and we report on the spectroscopy of the interaction complex with solvent in the
beam. It is concluded that 1:1 complexes are not sufficient to allow charge separation. In
the thermalized vapor experiments, we observe both the UV monomer emission and the
visible emission that are due to the charge separation made possible by the stabilization of
4-DMABN self-complexes. Under appropriate conditions in the beam, and in the absence
of solvent, we also observed visible emission that we attribute to 4-DMABN in self-
complexes.

It should be noted that while this work was in various stages of publication, two
additional supersonic jet studies appeared. One studied the complexes with HO and CF3H
[47]. The shift observed for water was the same as ours (18 cm-! to the blue). The second
[48] studied complexes of 4-DMABN with HO and CH30H and has reported similar
findings about the spectroscopic shifts. The fluorescence lifetimes of the base and
methanol complex are in agreement w%th our results.

Finally, several other studies have appeared [49-51] since the publication of this
work. Two-color time-of-flight mass spectrometry (TOFMS) has been employed to study
1:1 complexes of 3- and 4-DMABN with H2O, CH4, (CH3)2CO and CH>Cl,, and
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CH3CN [49]. This study also concluded that 1:1 solvation is not sufficient for charge-
transfer to occur. LIF [50] and two-color TOFMS [51] have also been used to study
various DMABN analogues in order to understand the spectroscopy of 4-DMABN. Of
particular interest has been the conformation of the dimethylamino group. Lennard-Jones
potential energy calculations have been performed on these systems [49,51] and the results
suggest that the S1 state is already displaced by 30° upon optical excitation from the ground
state. However, the implications of these calculations with respect to the TICT state

mechanism are still not clear.

4.2 EXPERIMENTAL:

The two sets of supersonic beam apparatus used for this study have been described
previously in detail [36,37). The expansion condition is noted in each figure. Most
excitation spectra and dispersed fluorescence for 4DMABN/H0 complexes were recorded
with a continuous-jet system [36]. The remaining spectra for the 4-DMABN/H,0
complexes, spectra for the other DMABN/solvent complexes, and spectra for the DMABN
self-complexes were recorded with a pulsed-jet system [37]. In general, p-
(dimethylamino)benzonitrile (4-DMABN) (Aldrich; 98%) and p-(diethylamino)benzonitrile
(4-DEABN) (Pfaltz and Bauer; 97%) were seeded in different carrier gases: He, Ne, Ar,
or N2. The use of purified 4-DMABN (99.5%) gave the same results as shown here for
the less pure preparation.

Different carrier gases were used at different stagnant pressures in order to
determine the optimum cooling condition while minimizing the formation of van der Waals
complexes. In the continuous jet, He at 40 psi backing pressure was used. For the pulsed
jet, 50 psi He for 4-DMABN self-c:)mplexes was used, while 70 psi He was used for
complexes with other solvents. The nozzle diameters for the continuous and pulsed jets

were 100 and 500 microns, respectively. To form solvent/solute complexes, a careful
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control of the solvent concentration was necessary. By controlling the temperature (from -
70 to 25°C) of the wet-line reservoir and by using water solutions with different
concentrations of calcium chloride (0-6M), we were able to change the partial pressure of
solvent in the nozzle expansion.

For the continuous-jet apparatus, excitation spectra were obtained by using the
frequency-doubled output of a nitrogen-pumped dye laser with an amplifier stage. Lifetime
measurements and dispersed fluorescence studies in the beam were obtained by using the
frequency-doubled output of a synchronously pumped, cavity-dumped dye laser [36].
Excitation spectra using the pulsed system were obtained by using the frequency-doubled
output of a YAG-pumped dye laser (5-ns pulses) operated at 10 Hz. The signal was
normalized with respect to laser intensity. Unlike the 0.4-3.2 A resolution for the
continuous apparatus that we used for recording the sharp features of the fluorescence,
wider slits (resolution of 24 A) were used for recording emission at high temperatures.

The study of 4-DMABN vapor at higher pressures and temperatures was carried out
by heating doubly sublimed crystals in an open cell and irradiating the vapor above it. This
procedure was found to be better than using a sealed evacuated cell containing crystals,
since the presence of fluorescent adsorbed 4-DMABN species on the quartz walls
contaminated the signal from the free vapor species. Using an MKS Baritron gauge, we
measured the vapor pressure of 4-DMABN at 22°C to be 30 mtorr (uncorrected). The
temperature of the vapor was measured by placing a Cu-constantan thermocouple at the top
of the cell and reading from a calibrated Omega digital meter. Picosecond kinetics was
measured by the method of single-photon counting, using a synchronously pumped, cavity
dumped dye laser.



4.3 RESULTS
A. Isolated 4-DMABN

The excitation spectra of jet-cooled 4-DMABN and 4-DEABN are rich and show
spectroscopic manifestations similar to other alkylanilines [38]. The symmetry of the
transition is effectively unchanged, and one expects the aniline-type modes to be active. In
our excitation spectra, these modes (12 and 6a) can be assigned to observed bands with
minor frequency shifts compared to aniline and p-alkylanilines.

Figure 1 displays a portion of the excitation spectra of the two molecules. The 0,0
region of 4-DMABN shows a structure of low-frequency bands similar to that found in
alkylanthracene [32,39], bianthryl [34], and many alkyl aromatics [40]. This structure
could be due to low-frequency torsional modes that display the properties of a double-well
potential [34,40] and hence the unique Franck-Condon pattern., Also, it is possible that
some of the bands, especially the weak ones, are due to different conformers that freeze-in
during the expansion or due to aggregates. The actual assignment of the 4-DMABN origin
cannot be made without a detailed analysis of the torsional structure similar to that done for
bianthryl [34] and the systems described by Ito [40]. Thus we tentatively take the "origin"
to be the strongest peak in the origin region.

For 4-DEABN, the 0,0 region of the excitation spectrum appears to be less rich
than that of 4-DMABN. This observation may support the idea of the double-well
potential, since here the "locking" of the amino group by the ethyl chains could result in a
higher torsional barrier. Finally, the "origin" of 4-DEABN is red-shifted from that of 4-
DMABN by 452 cm'l. 4-DMABN is red-shifted by 1644 cm! from aniline and by 701
cm! from p-methylaniline.

The dispersed fluorescence spectra of 4-DMABN and 4-DEABN are shown in
Figure 2 for different excitation wavelengths. The first point to be noted is that in all

spectra, the dispersed fluorescence tails off after 6000 cm-l. No further fluorescence was
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observed (with our sensitivity) upon inspection of the region to the red of that shown in
Figure 2, where charge-transfer fluorescence is expected to appear (red-shifted by 6300
cm-l). This feature was found to be insensitive to the excitation wavelength in the region
studied. For DMABN, this is true up to 280 nm. The 308.7 nm excitation of 4-DMABN
and the 314.3 nm excitation of 4-DEABN are very similar and are consistent with
characteristics of the excitation spectra. Excitation of the weak band of 4-DMABN at 309.9
nm (Figure 2, top) was recorded with lower resolution (because of weak intensity) and is
shown here to emphasize that the major structures of its fluorescence spectrum are similar,
although distorted somewhat because of the poorer resolution, From excitation and
dispersed fluorescence, it is concluded that the isolated 4-DMABN molecule cannot by

itself undergo charge transfer (up to given excitation energies).

B. Complexes of Solvent/4-DMABN

In order to establish the formation of complexes between solvent and 4-DMABN in
the supersonic expansion, the fluorescence excitation spectra were recorded while the
partial pressure of solvent was varied. In Figure 3, the spectral region about the strongest
(308.7 nm) vibrational band is shown as a function of increasing water pressure (PH,0).
A new band appears, which is blue-shifted by 18 cm"1 from the main peak, and increases at
first approximately linearly with Py,0, independent of the carrier gas used. Similar new
bands appeared on other vibrational transitions; e.g., a new peak on the 309.1 nm band
appeared blue-shifted by 15 cm-1. We assign these new bands to the 1:1 4-DMABN/water
complex. The same behavior was found with the solvents CH30H, CH3CN, and NHj3
over the temperature range of 70 to -15°C. Attempts were made to form complexes with
acetic acid and acetone. However, m spite of the fact that the DMABN signal drops
significantly, we were unable to observe any new bands under similar beam conditions.

Figure 4 shows the fluorescence excitation spectra (about the origin) of DMABN
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complexed 1:1 with NH3, CH30H, and H2O. (Note that the scale and wavelength scan
direction are different from Figure 3). The spectral shift relative to the strongest band of
DMABN (308.7 nm) is 21, 15, and 18 cm'1, respectively, to the blue (when CH3CN is
used there is a very weak band blue-shifted by 254 cm-1). We assign these blue-shifted
peaks as the 1:1 4-DMABN/solvent complex. The shifts for the three solvents are similar,
but it is difficult to know from the shift the exact site for complexation.

A search for the long-wavclength emission that is characteristic of the CT band was
made by exciting the complexes. In Figure 5, we have aligned the fluorescence spectra
obtained by exciting the isolated and water-complexed 4-DMABN at 308.7 and 308.5 nm,
respectively. These spectra are seen to be almost identical except for a constant shift
because of the binding of the water. More important perhaps is the noted absence of a new
red-shifted emission for the complex, indicating that charge transfer does not occur.

Further support for the conclusion that charge transfer in the excited state does not
occur for the complex comes from lifetime measurements. The isolated 4-DMABN
molecule under beam conditions has a lifetime of 5.3 ns (measured at 308.7 nm). The
band at 308.5 nm of the complex has a lifetime of 5.3 ns. Since the fluorescence lifetime
does not change, we conclude that the planar excited 4-DMABN is the emitting state; i.e.,
the twisted charge-transfer state has not been formed. This is consistent with other studies
where it was found that excitation below the barrier for dissociation gives similar lifetimes
for the complex as for the the parent molecule [41].

It is possible that if enough internal energy is given to the 1:1 complex, charge
separation will occur similar to the situation found in anthracene/DMA systems [31,32]. In
view of this, dispersed fluorescence spectra were recorded, under conditions for complex
formation, for excitation at the same v;/avelengths as that of the isolated molecule. Spectra
" were also taken for excitation wavelengths corresponding to peaks attributed to the 1:1

complex. The dispersed fluorescence gave no CT red-shifted emission. We have
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attempted to measure the lifetime of the water complex and the parent molecules at higher
excess vibrational energies, similar to the isoquinoline study [21]; however, because of
spectral congestion, we could not measure the signal for the complex. For the isolated 4-
DMABN molecule, lifetimes of 4.89 and 4.69 ns were measured for excess energies of
624 and 948 cm-l, respectively. We plan to pursue this study by using picosecond mass
spectrometry, as was done in the case of phenol/benzene complexes [41].

Our beam results indicate that one solvent molecule (CH3CN, H20, CH30H, NH3)
is not sufficient to stabilize the charge-transfer form of 4-DMABN. Studies on the solvated
electron by Kenney-Wallace [42], Kevan [43], and others indicate that several alcohol
molecules are required to stabilize the bare electron. In recent work by Robinson and co-
workers [25], it was pointed out that for electrons and protons, a water cluster of 4+1
members is the effective charge acceptor. With this in mind we have attempted to increase
the density of solvation around 4-DMABN in the beam to observe a threshold for the
formation of the charge-transfer state.

In the attempt to make 1:n complexes of 4-DMABN/solvent, a decrease in the
parent molecule signal was observed. In addition, at high solvent vapor pressures, the
background signal increases. This problem is similar to the one found by Even and Jortner
[44] in their studies of fluorene complexes with water. We are attempting a new design in

the beam to enhance the formation of large clusters.

C. Self-Complexes of 4-DMABN
When the temperature of the nozzle of the jet containing 4-DMABN was raised, a
broad emission centered at 385 nm was observed. This band, which spans 48 nm, was

especially apparent at high backing pressure. Therefore, we assign this fluorescence to

aggregates of 4-DMABN itself.
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Figure 6 shows the pressure dependence of the emission band at 385 nm when
exciting at 309.9 nm. Variation in temperature affects the intensity of the band. At high
backing pressure (50 psi) the broad 385-nm emission is observed, while at low backing
pressure (10 psi) emission typical of the planar "monomer” (under 24 A resolution) was
observed centered at 330 nm. Intermediate pressures gave spectra with peaks at 330 and
385 nm. This general behavior with pressure and temperature was observed over the range
of the aggregate emission (280-320 nm). Under conditions that gave optimum aggregate
formation, dispersed fluorescence spectra were taken for excitation of the aggregate at the
same wavelengths used for the bare molecule and for the times when solvents were used.
All spectra gave an emission composed of the monomer plus a contribution form the
aggregate. The aggregate contribution was checked by taking spectra at low backing
pressure and verifying that only monomer-type emission remained. We observed no red-
shifted emission that could be attributed to charge transfer.

The excitation spectrum of 4-DMABN under optimum conditions for aggregate
formation was taken over the range of 320-280 nm. Spectra were recorded under two
detection conditions: total fluorescence and by scanning the laser with the monochrométor
set at 400 nm (2.4 nm resolution). The setting of the monochromator at 400 nm allowed
maximum detection of the aggregate fluorescence, while trying minimize contributions
from the monomer. The excitation spectrum using total fluorescence shows the monomer
bands on top of a broad background. With the monochromator set at 400 nm, smaller
monomer band intensity on a structureless background is observed. The background
signal was observed to begin at 320 nm and to rise slowly as the excitation wavelength was
scanned down to 280 nm.

These aggregates were also studied in the vapor above an open cell containing
crystalline -DMABN. By varying the temperature of the vapor and the excitation

wavelength, we observed various bands that we attribute to the planar monomer, the planar
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dimer (or n-mer), and the twisted dimer (or n-mer). At 90°C and excitation wavelength
<310 nm, an emission centered at 330 nm is observed (Figure 7), which we attribute to the
planar monomer. The band rises instantaneously within our resolution, and decays with a
lifetime of 4001100 ps, independent of the wavelength observed [45]. No visible emission
is seen under these conditions. At #66°C, and for excitation wavelengths of 290-320 nm,
two red-shifted emitting species can be distinguished. (See Scheme I in Figure 8). A band
at # 380 nm appears instantaheously and decays with two lifetimes: 90% of the intensity
decays in 6030 ps and the remaining 10% decays in 7002200 ps. A broad visible
emission, centered at 500 nm, is observed to have a rise time of 60130 ps and a decay time
of 1000£200 ps (Figure 9). The visible emission therefore originates from the 380-nm
band. The two excited species appear to be equilibrated, as evidenced by the fact that they
have approximately the same long lifetime. We attribute these two bands to the planar
[(My*)p] and the charge-separated [(M,*)1] forms of a 4-DMABN aggregate. From the
different lifetimes of the 330- and 380-nm fluorescence bands, it is apparent that there is no
equilibrium established between the monomer and aggregate forms in the excited state.
This is not surprising, since the collision time between 4-DMABN species at the very low
vapor pressures of these experiments is longer than the typical lifetimes of the excited
states.

The 380-nm species observed in the vapor above an open cell corresponds to the
385-nm emission observed in the beam experiment (reported herein) and to that observed in
the concentrated hexane solution at 228 K [29]. However, in these latter two cases, no
charge-transfer fluorescence accompanied the UV band. At the lower temperatures of these
two experiments, there is apparently not enough energy to cross the excited-state barrier.
This is in spite of the fact that for the beam work, excitation of the aggregate was carried up
to 3300-cm! corresponding monomer excess energy. In contrast, we do observe charge

transfer from a 4-DMABN vapor at higher temperatures (=66°C), presumably where the
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thermal population and/or aggregate size is such that barrier crossing can be achieved. At
still higher temperature (=90°C) the aggregates dissociate, and hence we see on monomer
emission.

The absorption spectrum of 4-DMABN in the gas phase contained in a cell at 30
mTorr and room temperature yields a broad band centered at 280 nm. For a change in
temperature from 12 to 90°C, the band shifts from 290 to 272 nm. These two bands are
thought to represent absorption by the 4-DMABN aggregate (dimer or n-mer) and
monomer, respectively. This is a reasonable assignment based on the absorption bands for
4-DMABN in hexane, at 282 nm, and as a polycrystalline powder, at 307 nm. The
fluorescence spectrum shows a transition from visible to UV emission upon raising the
temperature, and is coincident with the temperature-dependent changes in the absorption
spectrum that we attribute to an increasing monomer/dimer(n-mer) ratio at higher

temperatures.

4.4 CONCLUSIONS

We conclude from these studies in a thermalized vapor that self-complexes of 4-
DMABN (dimer or n-mer) can undergo a twisted internal-charge-transfer excited-state
isomerization, on the basis of the observed visible emission characteristic of this polar
state. Self-complexes were also formed in the beam, but charge transfer was not observed.
Presumably, this reflects the differences in the internal temperature and/or size of the
aggregates formed in the jet versus those formed in the vapor. In contrast, the beam
studies reveal that the isolated molecule and the 1:1 complex with water, methanol,
acetonitrile, or ammonia do not undergo a charge-transfer isomerization. These results can
be understood in terms of the argu£nem that a sufficiently polar solvent molecule or
molecules are required before excited-state charge transfer and structural twist can occur.

One solvent molecule is not enough to stabilize the charge-separated form. Although in the
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beam the solvent is frozen out, the evidence from liquid-state studies [10a] indicates that
solvent dielectric relaxation (i.e., solvent motion) does not control the dynamics of TICT.
Also of importance is the possible role of specific interactions between the solute and
solvent. In protic solutions, hydrogen bonding is thought to oppose the charge transfer in
4-DMABN by withdrawing electron density from the amino nitrogen [10b]. Since the
geometry of the 4-DMABN/solvent complex is not yet known, it is difficult to make any

conclusions about the effects of hydrogen bonding on the dynamics of CT formation.
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

(Top) Portion of the fluorescence excitation spectrum of jet-cooled 4 DMABN.
Intensity is not corrected for the laser system response. Nozzle temperature
was 160°C, and laser-to-nozzle distance was 3 mm. He backing pressure was
40 psi. The resolution is limited by the laser bandwidth (about 1.5 cm-1).
(Bottom) Portion of the fluorescence excitation spectrum of jet-cooled 4-
DEABN. Note that the two spectra are lined up with each other, using the first
observed line as a marker. The actual assignment of the 0,0 band cannot be
made without careful Franck-Condon analysis (see text).

(Top) Dispersed fluorescence resulting from excitation of jet-cooled 4-DMABN
to the first band at 3099A. Resolution is low in this spectrum (3.2A) because
of the low intensity of this band. Nozzle temperature was 160°C, and laser-to-
nozzle distance was 3 mm. He backing pressure was 40 psi. (Middle)
Dispersed fluorescence resulting from excitation of jet-cooled 4-DMABN to the
308.7A band. Resolution was 0.8A, and nozzle conditions were similar to
those mentioned above. (Bottom) Dispersed fluorescence resulting from
excitation of jet-cooled 4-DEABN to the 3143A band. Resolution was 0.8A,
and nozzle conditions were similar to those mentioned above. (Note that the
spectra are plotted relative to the excitation energy.)

Portion of the fluorescence excitation spectrum of jet-cooled 4-DMABN,
showing the effect of increasing water partial pressure on the formation of the
1:1 complex (noted with an arrow). In each case the water partial pressure was
varied. For case (A) 0, (B) 2, (C) 4, (D) 12, and (E) 24 Torr. Nozzle
conditions were kept the same for all cases: temperature 160°C, laser-to-nozzle
distance 3 mm, and He backing pressure 40 psi. Laser bandwidth was 2-3
cm-l,

Fluorescence excitation spectra of jet-cooled complexes containng 4-DMABN.
The peaks of the complexes are indicated by an *. The peak at 308.2 nm
contains contribution from both the bare molecule and the complex. The nozzle
temperature was 150°C, the laser-to-nozzle distance was 10 mm, and the helium
backing pressure was 70 psi. Note that the scale and wavelength scan direction
are different from Figure 3.

(Top) Dispersed fluorescence resulting from excitation of the 3085A band of
jet-cooled water/4-DMABN, 1:1 complex. Resolution was 0.8A. Nozzle
temperature was 160°C, water partial pressure 24 Torr, He backing pressure 40
psi,, and laser-to-nozzle distance 3mm. Laser bandwidth was 2-3 cm-1.
(Bottom) Dispersed fluorescence resulting from excitation of the 3087A band of
jet-cooled 4-DMABN, Resolution was 0.5A. Nozzle conditions were similar
to above. Both spectra are shifted to coincide in order to allow for inspection of
the effect of complexation.

Dependence of the 4-DMABN aggregate of He backing pressure while exciting
at 309.9 nm. At high pressure, the "monomer" signal is nearly gone. At low
pressure, the signal is that of the monomer under low resolution (24A). The

monomer intensity of 3X that of the aggregate. The laser-to-nozzle distance was
10 mm.
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Figure 7. Fluoresence spectra of 4-DMABN vapor in open cell at Aex = 310 nm (solid
line), 90°C; (dashed line) Aex = 322 nm, 66°C.

Figure 8. SCHEME I: Photophysical Processes in 4-DMABN Vapor at 60°C in an open
cell.

Figure 9. Formation and decay kinetics of fluorescence of 4-DMABN vapor in open cell
at 66°C. The solid line represents the best fit of a rise time of 60 ps and decay
of 1000 ps.
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CHAPTER 5§

REAL-TIME PROBING OF REACTIONS IN CLUSTERS I:
a-NAPHTHOL WITH AMMONIA

‘This chapter was adapted from the publication:
J.J. Breen, L. W. Peng, D.M. Willberg, A. Heikal, P. Cong and A.H. Zewail, “Real-time
Probing of Reactions in Clusters,"Journal of Chemical Physics 92, 805-807 (1990)
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In this chapter we report our first study of real-time reaction dynamics in finite-
sized clusters. The reaction is of the type AH + S, where the proton transfer (bimolecular)
dynamics is examined as the acid AH is solvated with a different number of molecules, n =
1,2,...etc.. This is in continuation of our effort to study reaction dynamics in real-time [1],
but now extending the scope of the previous collisionless (solvent-free) condition to a
range where condensed phase effects can play a role. Of particular interest to us is the
condition at which solvation induces vibrational relaxation and modifies IVR. Real-time
studies of reactions in clusters offer great opportunities for obtaining the rates directly [2]
and for examining these solvation processes under controlled conditions in molecular
beams. Such stepwise solvation by beam methods has been advanced for a variety of
systems spanning small molecules [3], large molecules [4], hydrogen-bonded systems [5]
and electrons [6]. The focus of this chapter is on our initial results. In Chapter 6, a more
complete experimental account of this work will be given. In addition, in Chapter 6 the
results described here will be related to both other cluster studies and to the solution studies
of similar systems.

Here, we use a new molecular beam machine in combination with two picosecond
lasers. As before [1], the time resolution is achieved by delaying the pump-pulse relative to
the probe-pulse in a Michelson interferometer arrangement, just before the two pulses enter
the molecular beam zone (Figure 1). The mass selection of the skimmed beam is
determined by MPI in a time-of-flight spectrometer. Care was taken to lower the pump-
laser power to a minimum, and the probe wavelength was chosen to create the ions close to
threshold ionization. In addition to these pump-probe experiments, picosecond
fluorescence measurements were performed using a time-correlated single-photon counting
apparatus [7], similar to earlier smdie; of isoquinoline-water clusters [5b].

The system of interest here involves the following proton-transfer reaction: AH* -

Sp > [ A~ SpH*] ---> A~ + S,H™, where AH stands for a-naphthol and S, for n-
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ammonia molecules. For this system, we report results only for n=1,2,3 and 4, although
the cluster distribution is up to n = 30.

The real-time study reported here shows a critical dependence for the reaction
dynamics on the number of solvent molecules involved in the reaction: Forn =1 and 2 we
observe nanosecond dynamics and no evidence for proton transfer; for n = 3 and 4 the
dynamics take place on the picosecond time scale. Our findings should now be relevant to
theoretical studies like those by the group of Robinson [8], and complement previous time-
integrated studies of gas-phase ion chemistry [9], photoemission and picosecond studies in
fluid media [10], and intracluster ion chemistry [11].

Proton-transfer reactions specific to naphthols have been the subject of many
studies in solutions [8,10] and matrices [12]. In clusters, the thorough spectroscopic work
of the Leutwyler group [13] has provided both the spectral shifts for the different clusters
and the spectral changes expected under proton-transfer conditions. We have used their
spectral assignments of bands in our study. More recently, the dynamics of IVR [14] has
been characterized for a-naphthol by Lakshminarayan and Knee[15].

In our study reported here the bare molecule lifetime is measured to be 60 £ 2 nsec.
which is in agreement with earlier measurements [13d,15]. The n = 1 cluster has a lifetime
of 38 £ 1 nsec. Two isomers have been reported for the cluster with n =2 [13a,13b];
for the spectrally bluer isomer lifetime we measure 43 * 2 nsec., while for the spectrally
redder isomer a lifetime of 39 t 1 nsec is observed. In addition, the emission that is due to
the reacted system, emanating predominantly from clusters with n 2 4, was monitored at
435 nm. and found to have a lifetime of 38 t 2 nsec.

For the clusters n = 3 and 4, the transients measured in the pump-probe
experiments reveal a fast-decay con;ponent of 100 * 30 psec. as well as a long, many
nanoseconds, decay component [16]. The cluster-size dependence of the onset of the fast

dynamics is depicted in Figure 2 for the clusters n =1 and 3.
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For this reaction, which takes place on an electronically excited potential energy
surface, the dynamics is dependent on the solvent stabilization of the proton transfer and is
therefore cluster-size dependent. In a simple description it involves first the IVR among the
modes of a-naphthol, followed by the proton transfer to the solvent. The fast 100 psec.
component is therefore a measure of the IVR/reaction rate taking place in the clusters while
the long time component is the lifetime of the equilibrated system. It is interesting that the
100 psec. time measured in the cluster is longer than the solution-phase reaction time of 33
5 psec [10a].

In conclusion, the proton transfer reaction of a-naphthol in ammonia clusters is
indicative of the size-dependent phenomena which time-resolved pump-probe spectroscopy
is capable of monitoring directly. Recently, we have extended these studies to clusters of
a-naphthol with piperidine and water. Fast decay components, similar to that depicted in
Figure 2, were observed for the clusters with piperidine (n = 2 or 3) but were not observed
for the clusters containing water (n £ 21), on the same timescale. More measurements on
this system and other cluster systems will be forthcoming. The hope is to characterize [VR

and reaction dynamics as n reaches very large numbers.
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n=0,1 and 2, transients give evidence for long lifetimes, which are consistent with
the picosecond fluorescence measurements (see Figure 2).



128

FIGURE CAPTIONS

Figure 1.

Figure 2.

Schematic of the experimental arrangement depicting the picosecond laser
system and cluster-beam apparatus.

Shown are the decays and fits for the n = 1 and the n =3 clusters. For then
=1 cluster, the pump and probe wavelengths are: pump A = 320.4 nm,
probe A =337.1nm. For the n = 3, cluster the wavelengths are: pump A =
322.1 nm, and probe A = 337.1 nm. Note that for n = 3 there is a fast
component (100 £ 30 psec.) and a slow component. The insert is a
nonresonant photoionization mass spectrum of a-NpOH(NHj3)q clusters
showing a typical cluster distribution.
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CHAPTER 6

REAL-TIME PROBING OF REACTIONS IN CLUSTERS II:
a-NAPHTHOL WITH AMMONIA, PIPERIDINE AND WATER
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Abstract

Picosecond pump-probe spectroscopy is applied to the study of the S excited state
dynamics of the gas-phase clusters of a-naphthol with ammonia, piperidine and water.
These measurements reveal only nanosecond timescale dynamics for the clusters o-
NpOH+(NH3)p=1,2, @-NpOH+(CsH; N)p=1 and a-NpOH+(H20)p=1.21. Dynamics on the
picosecond timescale are observed for the clusters a-NpOHe(NH3)p=3 4 and a-
NpOH+(CsH1N)p=23. Thése fast-time dynamics, 100 £ 30 ps for the ammonia clusters
and 65 £ 10 ps for the clusters with piperidine, indicate the occurrence of proton-transfer
reactions in these small solute/solvent clusters. The cluster size and solvent dependence

and the timescale for the reaction serve to emphasize the importance of the local solvent for

the reaction.
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I. INTRODUCTION

The study of gas-phase clusters and cluster ions has progressed rapidly. This is
due both to the interesting chemistry and physics that can occur for individual clusters and
to the expectation that these finite-sized systems will provide insights into condensed phase
phenomena. Gas-phase clusters can be described as weakly bound collections of atoms,
molecules and ions in which the cluster constituents are held together by forces weaker than
typical intramolecular bonds. An attractive consequence of the weak bonding in clusters
and the small perturbations that the individual molecules experience in the clusters is the
retention of individual molecular character. This allows many small clusters to be studied
at a level of detail similar to that possible for isolated molecules.

One particular type of clusters that are being actively studied are solute/solvent
clusters. In these clusters a single molecule solvated by a number of atoms or molecules is
used as a probe of the bonding, structure and chemical dynamics of the cluster. Studies of
this type have been performed using atoms, large and small molecules, ions and electrons
solvated by either rare gas atoms or other small molecules [1-7]. By controlling the
conditions leading to the formation of these clusters and using experimental techniques
sensitive to the small perturbations that the probe species experiences, individual clusters
can often be interrogated, and the dependence on the cluster size can be observed. Thus the
early stages of the uansiﬁon from the gas phase towards condensed phase systems can be
studied in a stepwise and detailed manner. Our interest in this type of cluster is the insight
these systems may provide for a better understanding of condensed-phase reaction
dynamics. In particular, experimental studies of these systems should highlight the effect
of the solvent on vibrational relaxation and intramolecular vibrational redistribution (IVR).

Studies of reactions in gas-p‘hase clusters are becoming increasingly common.
There is a large body of work concerned with ion molecule reactions occurring within

clusters [7-12]. A primary driving force behind these studies is the need to understand the
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dynamics that occurs upon ionization of a neutral cluster and that are observed in
subsequent mass analysis. In the case of reactions within neutral clusters, a much smaller
number of experiments have been reported. Many of these reactions have been termed as
orientated bimolecular reactions and can be considered as "hot-atom chemistry” in
structurally well-defined gas phase dimer complexes [13-30]. In these experiments, an
energetic atom (e.g., H [13, 21-23,25-30], D [24], O [14,15], Ca [19,20], Hg [16-18,20],
and Xe [18]) is produced from one species in the complex and reacts with the other species
leading to the formation of a product species that can subsequently be analyzed. Other
reactions that have been reported in neutral clusters include a complex-forming reaction
between HCl and CH3F in large rare gas clusters [31,32], electron-transfer reactions [33-
37], vibrational predissociation half reactions [2,4,38-54], the formation of iodine from
methyl iodide dimers [55-57] and intermolecular proton transfer reactions [56,58-68).
Proton-transfer reactions are clearly important in chemistry [69,70] and have been
studied in both intramolecular and intermolecular systems. Among the most extensively
studied of these systems are the excited state proton transfer reactions from aromatic
alcohols to the surrounding solvent. The general reaction is indicated below (A'SA"). |

A
ArOH ¢ (solvent) el N ArOH* » (solvent) =~ <e— ArO”« (solventH) *

A A’

One such molecule is a-naphthol which, like many other aromatic alcohols, undergoes a

large increase in its acidity upon excitation to the S; state and belongs to a class of
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compounds exhibiting "dual fluorescence.” Emission studies demonstrate that the
deprotonation of the acid is observed as blue-green fluorescence, whereas the neutral
alcohol emits only blue light [71]. In addition, time-resolved studies of the proton transfer
reaction from both a- and B-naphthol in aqueous solution reveal that the rate of formation
of the anion is controlled by solvent dynamics [71-78]. More specifically, the rate is limited
by the formation of a local solvent structure that can accept and stabilize the proton [72-74].
Time-resolved studies of this reaction in small gas-phase clusters may provide information
pertaining to the intrinsic reaction rate for the proton transfer between the electronically
excited acid and the solvent consisting of a critical number of solvent molecules.

The coupling of time-resolved spectroscopies with gas-phase clusters, in particular
pump-probe techniques, have only recently been applied to cluster studies
[29,30,39,51,54,56,67,68,78]. In an earlier communication we briefly reported our
results for time-resolved measurements of intermolecular proton-transfer reactions
occurring in small clusters of a-naphthol with ammonia, piperidine and water molecules
[68]. Our experiments are guided by the extensive spectroscopic work on these cluster
systems by Leutwyler and co-workers [58-61]. In these laser-induced fluorescence and
resonance enhanced two-photon ionization experiments, the spectral shifts for the various
different clusters are reported and both a solvent and cluster-size threshold dependence
were observed for the proton-transfer reaction. Similar behavior has been reported in time-
resolved emission experiments of matrix-isolated clusters of - and B-naphthol with
ammonia molecules [62,63], in fluorescence experiments of gas-phase clusters of 2-
hydroxypyridine with ammonia molecules [65] and in both resonance-enhanced ionization
experiments [64] and some very recent time-resolved pump-probe measurements of gas
phase clusters of phenol with arnmoni;l molecules [56,67]. In this chapter a more complete
account of our previously reported work will be given. In addition, our results will be

related both to these other cluster studies and to the solution studies of similar systems.
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II. EXPERIMENTAL

Two sets of supersonic beam apparatus were used for this study: one for pump-
probe experiments, and the other for picosecond fluorescence measurements. In general,
o-naphthol was seeded into a mixture of He and a small percentage of solvent. For
ammonia, a gas mixture of 0.5-2% ammonia in He (by pressure) was used. To form
solvent/solute complexes with water or piperidine, the partial pressure of solvent in the
expansion was set by coatrolling the temperature of a wet-line reservoir using a
water/ice/sodium chloride bath. The experimental conditions were set to maximize the
desired signal while minimizing interferences from other clusters. The a-naphthol (Aldrich;
99+%) and piperidine (Aldrich; 99%), helium (Big 3 Industries, 99.99%), and ammonia
(Matheson, 99.99%) were used without further purification.

IILA. THE PUMP-PROBE APPARATUS

Pump-probe experiments were done using a newly constructed apparatus designed
for the formation and study of clusters. The apparatus is a two-color picosecond pump-
probe laser system coupled with a molecular beam machine. The molecular beam is a
three-chamber system consisting of an expansion chamber, a buffer chamber, and a time-
of-flight (TOF) chamber. The expansion chamber contains the nozzle source, and is used
for laser-induced fluorescence (LIF) experiments. The buffer chamber is used for
differential pumping. The TOF chamber houses the TOF mass spectrometer. The beam
apparatus is schematically illustrated in Figure 1. High-throughput diffusion pumps and a
pulsed nozzle are used to allow for the highest possible stagnation pressure and cross
section. Unless otherwise noted, the apparatus is constructed out of stainless steel and
aluminum. Pressure inside the \‘racuum chambers is monitored using standard
thermocouple and ion gauges, and a pressure-gauge controller (Granville-Phillips Series

307). The laser system, based on a design from Stanford University [79] and
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schematically illustrated in Figure 2, is capable of producing 20 ps pulses with up to 10 mJ
of visible light per pulse out of each of the two dye lasers. The laser repetition rate can
easily be up to a kilohertz, but the experimental repetition rate may be less due to
constraints from other equipment.

The pump-probe apparatus has been described in detail in Chapter 3. Here the
apparatus is summarized with attention given to the experimental conditions relevant to the
o-naphthol experiments. The description is broken down into 7 parts. Parts 1 and 2
describe the three vacuum chambers. The TOF mass spectrometer is discussed in part 3.
Part 4 is concerned with the electronics for the pulsed valve. Parts 5 and 6 deal with the

laser system. Finally, part 7 outlines data acquisition methods and analysis.

I1.A.1. Expansion and Buffer Chambers

The cylindrical expansion and buffer chambers are 16 inches in diameter, and are
made of stainless steel (0.250 inch wall) to insure mechanical stability for the alignment of
the molecular beam. Both chambers have eight main ports, arranged in two crosses, and
are separated by a central flange. The crosses closer to the central flange are used to
conduct the experiment, whereas the other crosses are used for the pumps and other
utilities. For each chamber, 2.75 inch utility ports are attached where convenient. The
expansion chamber is pumped by a 10 inch diffusion pump (Varian VHS-10), while the
buffer chamber is pumped by a 6 inch diffusion pump (Varian VHS-6). Both diffusion
pumps are equipped with liquid-nitrogen cold traps, and pneumatic gate valves. The
diffusion pumps are backed by mechanical pumps (a Leybold D90A for the VHS-10 pump,
and a Leybold D60A for the VHS-6 pump).

The expansion and buffer ch;unbers are separated by a central flange assembly.
The assembly consists of three stainless steel flanges. The main flange is a 20 inch diameter

flange, with a 9 inch diameter hole bored through the center. Into the 9 irich hole goes 2 9.5
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inch diameter (with a 5.5 inch diameter hole bored through its center) mounting plate. Into
the 5.5 inch diameter hole goes a 6 inch diameter plate on which is mounted the first
skimmer. Mounted to the 9.5 inch diameter flange is the TOF mass-spectrometer ionizer
cube, cube mounts, and four 18 inch long guiding rods (Thomson Industries, Case 60L
AISI C-1060 steel-hardened to Rockwell 58-63C, 0.5 inch nominal diameter) for the
nozzle assembly. The ionizer cube and cube mounts are on the buffer chamber side of the
flange, and the guiding rods are on the expansion chamber side. For LIF experiments,
optical baffles are used for the laser entrance and exit ports of the expansion chamber to
reduce scattered light. Further scattered light reduction is achieved by painting the inside of
the expansion chamber and the front of the nozzle assembly with Xylan 1010, a black
fluoropolymer paint (Whitford Corporation).

The nozzle assembly contains the nozzle, pulsed valve, and sample reservoir. It is
mounted on two aluminum plates held 6.5 inches apart. The nozzle and valve, mounted on
the front plate, are a single unit manufactured by General Valve Corporation (Series 9). The
valve is solenoid-driven, and typically operates at 100 Hz with a pulsewidth of less than
500 ms. A conical (30° cone) nozzle with a 150 diameter aperture is used. The sample
reservoir is mounted on the rear plate. The nozzle and the sample reservoir are
independently heated, and the nozzle is kept about 10°C hotter than the sample reservoir to
reduce clogging of the nozzle aperture by sample condensation. For the sample holder, a
cartridge heater (Chromolax CIR-2012) is used, and a heating tape is used for the nozzle
assembly. Temperature is regulated by two temperature controllers (Omega Engineering
CN310KC). The nozzle assembly moves on the guiding rods using ball bushings
(Thomson Industries A-81420-SS). A ball-nut and ball-screw combination (Warner
Electric R-0308) is used to drive the ;mzzle assembly. The ball screw is rotated from the
outside using a rotary motion feedthrough (MDC model BRM-275).
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I1.A.2. The TOF Chamber

The TOF chamber is composed of a 26 inch long and 6 inch diameter tube, a tee, a
5.125 inch long and 4 inch inner diameter transition tube, and the ionizer cube. The wall
thickness of both the 6 inch diameter tube and the tee is 0.125 inches. The ionizer cube and
transition tube extend into the buffer chamber, and the tee is attached to the buffer chamber.
On the end opposite to the ionizer cube is attached a microchannel plate (MCP) (Galileo
FTD 2003) for detecting ions. The TOF chamber is pumped through the tee by a 6 inch
diffusion pump (Varian VHS-6), which is equipped with a liquid nitrogen cold trap and
pneumatic gate valve. The diffusion pump is pumped by the same mechanical pump used
for the buffer chamber VHS-6 pump.

The cube, cube mounts, and the nozzle assembly guiding rods are all attached to the
9.5 inch diameter stainless steel plate mounted onto the 20 inch diameter central flange.
The orientation of the cube and mounting pieces is fixed with respect to the laser, molecular
beam and MCP detector by mechanically aligning the assembly with pins. The cube is
constrained to have its center coincident with both the centerline of the TOF drift tube and
the molecular beam axis, and 4 of its faces parallel to the main ports. Since all the critical
components are mounted on a single flange, the entire experimental assembly is removable

intact (through the back of the buffer chamber) from the main chambers.

I1.A.3. Time-of-Flight mass spectrometer

The molecular beam formed in the expansion chamber passes through a nickel
skimmer (Beam Dynamics, Model 2, 1.5 mm aperture) on the central flange when entering
the buffer chamber, and passes through a second nickel skimmer (Beam Dynamics, Model
2, 2 mm aperture) as it enters the ior;izer cube. The beam exits the cube through a 2 mm
hole on the face opposite the second skimmer. The lasers enter the cube vertically and

perpendicular to the molecular beam, and intersect the beam at the cube center. The ionizer
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assembly, ion optics, and pulsed electron gun [80,81] for electron-impact ionization (EI)
are mounted on the cover flange for the cube face farthest from the MCP. A short focal
length lens focuses the lasers onto the beam. The lens is mounted in a vertical motion
translation stage so that the focal point can be adjusted.

The two-stage TOF mass spectrometer is based on the original Wiley-McLaren
design [82]. Ions are accelerated through two stages of electric field, and collimated by an
Einzel lens [83]. The drift tube is 1.2 m long and the ions are detected with the MCP. The
ion signal is immediately amplified 25X with a Stanford Research Systems 300 MHz
preamplifier (Model SR440). This minimizes both transmission losses, and interferences
from the RF noise generated by the modelocker. When taking a mass spectrum, a
waveform analyzer is used to collect, digitize, and signal average the amplified MCP analog
signal. The analyzer consists of a 100 MHz transient digitizer (LeCroy 8818A), a LeCroy
MMS8103A memory module, and a LeCroy 6010 Magic controller unit. It is based in a
CAMAC crate (LeCroy 8013A), and triggered by a digital delay generator (Stanford
Research Systems model DG535) to coordinate its collection time with the laser pulse.
Data transfer to and from the computer is performed via an IEEE DMA interface (NB-
DMA-8-G). We have achieved a mass resolution of approximately m/Am=1000 with this

system. Figure 3 depicts a nonresonant photoionization mass spectrum of c.-

NpOH+(NH3)y clusters showing a typical cluster distribution.

I1.A 4. Electronics

The electronics controlling the actuation of the pulsed-valve solenoid and the
triggering of the laser were built in our'laboratory. Schematics of the circuitry are given in
Chapter 3. The control box is a dllal pulse generator. The two pulsed outputs are

independently adjustable for pulse duration and pulse delay. The repetition rate may be set
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in the range 1-200 Hz. These quantities, as well as the total number of pulses, may be
displayed on a digital read-out with a variable sampling time.

The first pulsed output triggers a Wavetek pulse generator (Model 802) which in
turn triggers the Q-switch driver box for the Nd:YAG and the voltage pulses on the TOF
ionizer. The laser then triggers the Stanford delay generator, which triggers the Pockels
cell electronics, a boxcar (EG&G 162 mainframe/165 integrator) and A/D board (NB-MIO-
16H-9), or the CAMAC crate.

The second pulsed output is sent to a valve driver circuit which amplifies the pulse
to 105V. This amplified pulse drives the valve. It is delayed, relative to the first pulsed
output, to synchronize the gas pulse with the arrival of the laser pulses.

II.A.S. The Mode-Locked Q-Switched Nd:YAG Laser

The Nd:YAG laser is a homebuilt system assembled from the laser head, mirrors,
and power supply components of a Quantronix 416 CW Nd:YAG laser. For optimal
thermal stability the resonator cavity is supported by Invar rods, and all the critical mounts
are made of stainless steel (Klinger). The Nd:YAG performance is monitored by using the
IR leakage through the high-reflecting mirror (= 0.1%).

The Nd:YAG is modelocked at 78 MHz, giving a train of pulses, each with a
FWHM of =100 ps and separated by 13 ns peak-to-peak. The Q-switch repetition rate is
variable. The combined action of the Q-switch and modelocker results in a train of
modelocked pulses inside a Q-switched envelope. This train of IR pulses (1064 nm) is
frequency-doubled with a 3 x 3 x 5 mm KTP crystal (Airtron) to 532 nm. The Nd:YAG
laser energy output is about 640 mJ per Q-switched envelope at 532 nm. The 532 nm
green light is then split by a 50/50 be;xmsplitter in order to pump the two independent dye

lasers.
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I1.A.6. The Cavity-Dumped Dye Lasers

The cavity of the synchronously pumped dye lasers consists of a dye cuvette with a
1 mm pathlength, two flat broad band high reflecting mirrors, a 25 cm plano-convex lens
as the focusing element, and an iris for transverse mode selection. The dye cuvette is set
near the Brewster angle to maintain polarized light in the cavity, and is located as close as
possible to the rear mirror. The focal point of the intracavity lens lies very close to the rear
mirror. The dye solution concentration is optimized by starting with a 100 mg-per-liter
solution, and then adding a concentrated solution of the same dye until maximum power is
reached. Two intracavity etalons (a 5 m airgap and a 100 m solid etalon, Virgo Optics ET-
3 and ET-100, respectively) are used for wavelength selection, and together give a
resolution on the order of 3 cm-l.

The dye laser is cavity-dumped electro-optically. The cavity dumper consists of a
Pockels cell (Quantum Technology QK-10-1) coupled with a Glan laser escape window
(Karl Lambrecht MGLA-SW-8). The Pockels cell is essentially a KDP crystal, which acts
as a quarter-wave plate when a specified voltage, approximately 2.4 kV for 600 nm light, is
applied axially. The Glan laser escape window is a calcite polarizer that allows light of one
linear polarization to pass through, but will reflect light of the opposite polarization out of
the cavity. When the pulse in the cavity reaches its maximum intensity, a VFET switching
circuit with a rise time of a few nanoseconds is triggered to place 2.4 kV across the Pockels
cell [84]. After two passes through the Pockels cell, the pulse is of the opposite linear
polarization, and is dumped out of the cavity by the Glan laser window. The Pockels cell is
triggered by a photodiode monitoring leakage from the high reflector of the Nd:YAG laser.
The Stanford DG535 delay generator is used to optimize the dump time (Figure 2). After
cavity dumping, the visible pulses ar;: frequency-doubled, using a LilO4 or BBO crystal,
and sent to the molecular beam. Pulses from the dye lasers are characterized by taking their

autocorrelations, and were typically 30-40 ps in duration.
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II.A.7. Data Acquisition and Analysis

Two-color resonance-enhanced multiphoton ionization (REMPI) is used to ionize
the clusters selectively, followed by time-of-flight mass spectrometry to detect the resultant
cluster ions. The experimental configuration is shown in Figure 4. The conical nozzle is
positioned close to the first skimmer. The backing pressure (4 to 20 psig), pulsewidth,
delay time, carrier-gas composition, and sample temperature (typically 90°C) were set to
maximize the desired signal While minimizing interferences from other clusters. Since the
S1 state is greater than 50% of the ionization energy, one-color two-photon ionization is
used as a diagnostic. The pump-laser dye was DCM in methanol, and the probe laser dye
was DCM in DMSO. Care was taken to lower the pump-laser power to a minimum, and the
probe wavelength was chosen to create the ions close to threshold ionization. Under
normal operating conditions, the pressure in the expansion chamber is approximately 5x10~
5 torr and the pressure in the TOF chamber is 7x10-7 torr. The Nd:YAG laser Q-switch is
triggered by the pulsed valve driver during an experiment, and the repetition rate is typically
100 Hz. At 500 Hz, the measured 532 nm power is between 300 and 350 mW,
corresponding to 600 to 700 mJ per pulse train.

The time resolution of the experiments is achieved by delaying the probe pulse
relative to the pump pulse using Michelson interferometry techniques. The pump laser is
sent down a static delay line before being directed into the molecular beam, and the probe
laser is sent down a variable delay line. The variable delay line consists of a corner cube
(Precision Lapping, 1 sec. accuracy w/MgF» coating) mounted on a stepper-motor driven
translation stage. The translation stage is an Aerotech ATS224 linear positioning stage with
a programmable Unidex I driver. The stage provides up to 4 ns of delay time per pass. The
laser beams are then recombined on a mumr after which they are propagated collinearly and

focused onto the sample.
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An Apple Macintosh II computer is used to control data acquisition and to perform
data analysis. A typical transient is obtained by averaging the signal, using either the
boxcar or transient digitizer, for each position of the optical delay line. Typically, a scan
takes about 6 minutes, and 50-100 scans were required for an acceptable signal-to-noise
ratio. When cluster sizes are small, single cluster sizes can be excited. Thus, only one mass
peak is of interest, and the signal from the MCP is directed toward a boxcar integrator. For
larger clusters, a distribution of cluster sizes is seen. In this case single-cluster transients
are obtained either using the boxcar, or alternatively using data from experiments in which
the signal for all clusters is averaged by the transient digitizer at each delay line position. In
the latter case, individual transients are constructed from the averaged mass spectra.

The system response function is approximately Gaussian with an autocorrelation
FWHM of about 40 ps. The autocorrelation pulsewidth is used to obtain rate constants
from the measured transients. A standard nonlinear least-squares analysis based on the
Marquardt algorithm is used [85]. Typically, the rising edge of the transients is best fit by
a 60 ps response. The quality of the fit is judged by the value of chi-square between the
real and fitted data.

ILB. PICOSECOND FLUORESCENCE APPARATUS

Picosecond fluorescence measurements were performed using a time correlated
single-photon counting apparatus, which has been described previously in detail [86,87].
The present studies are conducted in a manner similar to earlier studies of isoquinoline-
water clusters [88]. Lifetime measurements and dispersed fluorescence spectra were
obtained by using the frequency-doubled output of a synchronously pumped, cavity
dumped dye laser with 0.5m monociuomator (SPEX w/Amperex XP2020Q PMT) and
assorted electronics common to photon counting apparatuses. DCM (2.1 mM) in a mixture

of 30% benzyl alcohol and 70% ethylene glycol were used as the dye solution. A
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stagnation pressure of 30 to 70 psig of the ammonia-helium mixture or argon was used.

The nozzle diameter was 100y, and the a-naphthol sample was heated from 90 to 120°C.

III. RESULTS AND DISCUSSION
III.LA. Preliminaries and Spectroscopy

Leutwyler and co-workers have reported extensive time-integrated spectroscopic
results for the solute/solvent cluster systems of o-naphthol with ammonia, methanol,
piperidine (CsH;iN) and water [58-61]. In the experiments involving both «-
NpOH+(NH3)p and a-NpOH+(CsHj1N)p clusters a large red shift and substantial
broadening in the excitation spectrum were observed as well as a very large Stokes shift
and total broadening of the fluorescence for clusters larger than a critical size. In the
ammonia clusters the critical cluster size reported is n = 4 and for piperidine n = 2. In both
cases the position and width of the broadened emission were similar to that of the o-
naptholate anion in basic aqueous solution. Experiments with o-NpOH+(H20);, fail to
show any evidence of the Stokes shifted and broadened emission indicative of proton
transfer until n 2 20. The strength of this emission continues to increase as a function of
the cluster size but even for n 2 30 the position and width fail to converge to that of a-
naphthol in bulk water.

Important for this work are the results of the cluster size dependent spectral shifts in
the resonance-enhanced two-photon ionization spectra for the various small clusters
investigated in this chapter. These spectral shifts gathered from the published results of
Leutwyler and co-workers are reproduced in Table 1. By using these results with time-of-
flight mass analysis, time-resolved experiments on individual clusters were possible
without significant interference from-other clusters for the cases of a-NpOH¢(NH3)p=1-3,
a-NpOH+(CsH11N); and a-NpOH¢(H20)n=14. In the other cases, especially for the a-

NpOH«(H70)n=8-20 clusters, spectral overlap in the excitation spectrum prevented single-
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cluster experiments and care was taken to set the clustering conditions (backing pressure
and solvent partial pressure) and temporal overlap of the gas pulse and laser pulses to skew
the cluster-size distribution.

Emission lifetime measurements for the small clusters a-NpOH+*(H20)p=1-4,
excited to the S origin have also been reported and for the blue-green emission, indicative
of the a-naptholate anion, from experiments in which the conditions are set to create large
solute/solvent clusters, n 2 50v[61]. These measurements vary significantly over the range
of 47-72 ns and nonmonotonically as a function of increasing cluster size. The emission
lifetime for the blue-green emission which is averaged over a distribution of large clusters
is 28 + 1 nanoseconds. The emission lifetime measurements for the small clusters o-
NpOH+(NH3)p=1-3, €xcited to the S origin and for the blue-green emission observed when
the excitation wavelength and conditions are chosen to excite clusters with n 2 4, have also
been reported [58-60]. Results of these measurements obtained with the picosecond
fluorescence apparatus described in the experimental section are listed in Table 2.

Recently Lakshminarayan and Knee have reported fluorescence lifetime
measurements for the bare o-naphthol molecule excited to the S state [89]. Experiments
were performed to characterize the intramolecular dynamics as a function of excess
vibrational energy above the Sj origin. Quantum-interference effects, which are manifested
as modulations in the fluorescence decays, are observed for only a few isolated excitation
levels. No evidence for rapid IVR at high excess energies is observed. In time-domain
studies such as these, this rapid energy distribution is observed as an initial rapid dephasing

from the prepared superposition followed by the expected exponcnﬁal decay.

II1.B. Picosecond Pump-Probe Studies: a-NpOH<+(NH3)y
| Figure 5 is a composite figure of our results of the S1 excited-state dynamics for the
clusters a-NpOH+(NH3)n=14. For each of the transients displayed, a cluster is excited to



147

its Sy vibrationless origin by a UV laser pulse ( A1) and is probed, at some delay relative to
this pump pulse, by a second UV laser pulse (A2). Probe-laser wavelengths are chosen to
be as red as possible with the laser system and to insure a usable signal-to-noise level.
Individual experiments for each of the clusters were performed to obtain the transients.
The cluster-beam conditions were set to maximize the signal for each cluster while
minimizing possible interferences from the other clusters. An exception to this method is
the cluster a-NpOH+(NH3)4, which has a broad and ill-defined cluster origin and is excited
at 323.8 nm. This wavelength is not strictly the reported cluster origin listed in Table 1 but
it is within 150 cm-! of this value. No significant difference in the transients for this cluster
are observed when the excitation wavelength is 322.1 nm. Two transients are presented
for the a-NpOH+(NH3); and are identified as A and B. In the reported spectroscopy work
for this system two isomers and two different cluster origins have been identified [58,60].
For each of the clusters a-NpOH*(NH3)n=1 and 2(A&B), only nanosecond timescale
behavior is observed. As was reported in the Preliminaries and Spectroscopy section of this
chapter, the fluorescence-emission lifetimes of the S; state for these clusters are of the
order of tens of nanoseconds. The delay line used in these experiments has a useful
temporal range of four nanoseconds. Therefore, accurate measurements of such long
lifetimes are not possible. For the clusters o-NpOHe(NH3)p=3 4, the transients reveal
dynamics on the picosecond timescale. Each of these transients has a fast component, 100
t 30 ps, followed by a long nanosecond type decay. The smooth curves that are drawn
through the data are the result of a least-squares fitting program based on the Marquardt
algorithm and the convolution of a 40 ps Gaussian instrument function representing the
cross correlation of the pump- and probe-laser pulses. The time-axis value of zero is set to

be at the half maximum of the initial rise of the signal.



148

IILI.C. Picosecond Pump-Probe Studies: a-NpOH+(CsH11N), and
a-NpOH+(H,0),

Figure 6 is composite of our time-resolved measurements of the S; excited state
dynamics for the clusters a-NpOH+(CsH;1N)p=1-3. In these reported excitation spectra
only the a-NpOH¢(CsH1N); cluster has a sharp absorption spectrum and well-defined
cluster origin [59]. For the clusters a-NpOH+(CsH}1N)p=1-3, the same excitation
wavelength, 320.9 nm, was used in each of the experiments. This wavelength is the origin
of the a-NpOH+(CsH11N); cluster and is within one of the broad bands reported in the
two-photon ionization spectrum for a-NpOH¢(CsHj1N); cluster. Again, each transient is
recorded individually with the cluster conditions set to maximize signal for a particular
cluster and the probe wavelength is to the red of the excitation wavelength.

As in the a-NpOH<(NH3), cluster transients, a significant difference in the
transients is observed as the cluster size increases. For the cluster a-NpOH+(CsHj1N);
only a long-time, nanosecond type, decay is observed. Both the a-NpOH+(CsH1iN)2
and the a-NpOH¢(CsHN)3 clusters reveal dynamics on the picosecond timescale. Each
of the transients exhibits a fast 65 + 10 ps decay. The long nanosecond timescale decay
evident in both the a-NpOH+(NH3)2 and a-NpOH+(NH3)3 cluster transients is observed
only in the a-NpOH+(CsH11N); cluster transient.

Figure 7 is a composite of a representative sample of our time-resolved
measurements of the excited-state dynamics for the clusters a-NpOHe¢(H20)p=1-21.
Individual experiments were performed for the clusters n = 1 to 4, using the reported
cluster origins. The remaining cluster transients were recorded using a transient digitizer
with signal-averaging capabilities that allowed the transient for a number of clusters to be
recorded in a single experiment. F(;r these multiple-cluster experiments the excitation
wavelength is chosen to excite a range of clusters with overlapping two-photon ionization

spectra. Two different experiments were used to cover the remaining range of cluster
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transients recorded. The excitation wavelength is 320 nm and the nozzle backing pressure
is varied from 15 psig to 30 psig in the two experiments in order to shift the cluster
distribution to larger n. In all a-NpOH+(H»O);, cluster transients recorded, no evidence for

proton transfer is observed on the timescale of this experiment.

II1.D. Discussion

The experiments described in this chapter reveal some of the excited state dynamics
in the cluster systems of a-naphthol with ammonia, piperidine and water. The results
confirm the presence of proton-transfer dynamics in size-specific clusters of a-naphthol
with strong basic solvents. In addition, both the time-integrated spectroscopy results and
the time-resolved measurements are consistent with the concepts concerning proton-transfer
reactions garnered from condensed phase work. In order to present clearly the time-
resolved measurements in proper context, this discussion section will be concerned largely
with the a-NpOHe¢(NH3), clusters.

Figure 8 is a qualitative view of the potential energy surfaces important for
describing the dynamics of these cluster systems. As the cluster size increases, the stabvility
of the ionic form of the cluster in the excited state also increases. For the cluster o-
NpOH+(NH3)3 the ionic form becomes more stable than the neutral form in the excited state
of the cluster. Subsequently, electronic excitation of this and larger a-NpOH+(NH3),
clusters leads to a shift in the population from one form to the other. In the picosecond
pump-probe ionization experiments, this change in the cluster form becomes manifested as
a loss in two-photon signal. The ionization transition in a two-photon process is known to
be a vertical transition and thus the ionization of the ionic form, even though expected with
a lower ionization potential [64], shmild be discriminated against in our experiment. Thus,
the 100 ps decay observed in the transient for the a-NpOH+(NH3)3 and a-NpOH+(NH3)4

clusters is a measurement of the population shift or reaction time in these small clusters.
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As has been noted in condensed-phase work, the proton-transfer reaction rate from
an electronically excited aromatic alcohol to the surrounding solvent is determined by the
solvent dynamics [71-77]. The timescale of the reaction will reflect the timescale for the
rearrangement of the solvent molecules to stabilize the evolving ionic species. This should
also be true in a small solute/solvent cluster. In addition, since each small cluster is
composed of a fixed number of solvent molecules and isolated in the molecular beam, an
energetic constraint exists for the reaction. In order for the proton transfer to occur in a
particular size cluster, the proton affinity of the solvent must be larger than the acid
dissociation energy, implying that the reaction is exothermic. This is revealed as the
threshold dependence as a function of cluster size for the appearance of a picosecond
timescale decay in a cluster.

A significant difference between this time-resolved work and the time-integrated
spectroscopy work of Leutwyler and co-workers concerns this threshold size [58-60]. In
the reported spectroscopy work, the threshold for the appearance of a broad excitation
spectrum and a large Stokes shifted emission is the cluster a-NpOH¢(NH3)4. In the time-
resolved measurements, this threshold is the cluster a-NpOH<(NH3)3. Attempts to
reproduce the sharp emission spectrum exciting over the region of the origin of the a-
NpOH+(NH3)3 cluster were unsuccessful. These experiments were conducted in the
picosecond fluorescence apparatus with a variety of glass nozzles (sizes and shapes), gas
mixtures (0.5% to 5% in helium of argon buffer gas) and backing pressures that often
revealed the Stokes shifted emission indicative of large a-NpOH<(NH3);, clusters.
Pertinent to this issue are the spectroscopy and time-resolved measurements of Brucker and
Kelley on matrix isolated clusters of o- and B-naphthol with ammonia [62,63]. Their
measurements also indicate that the e;ccited-state intermolecular proton transfer occurs at n
= 3 for both alcohols. Also, no temperature dependence for the reaction rate, equal to 22

1 5 ps for a-naphthol and 23 £ 5 for B-naphthol, is observed for the clusters with n=3
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over the temperature range 10-24 K. It is possible that the clusters detected in our two-
color picosecond pump-probe measurements suffer from cluster evaporation. However,
no broadening is observed in the time-of-flight mass peaks until n = 5 (Figure 3) so it is felt
that the measurements are correct with regard to cluster size.

In the time-resolved experiments for the other cluster systems, o-
NpOH+(CsH11N)n and a-NpOH+(H20)y, our results agree completely with the time-
integrated spectroscopy results. The cluster-size threshold for the intermolecular proton
transfer reaction is a-NpOH+(Cs5Hj1N)p=2 clusters and no evidence for the reaction is
observed in the cluster transients for a-NpOHe(H20)n=1.21 clusters.

Recently Steadman, Fournier, and Syage have reported similar time-resolved
measurements for excited-state proton-transfer reactions in gas phase clusters of phenol
with ammonia, CgHg0*(NH3)p=1-7 [56,67]. A cluster-size threshold, n = 5, is reported for
the appearance of a picosecond timescale decay of 60 £ 10 ps and no evidence of the proton
transfer is observed with less basic cluster solvents (methanol and water). In addition,
two other significant findings are reported. Protonated ammonia clusters are observed in
the mass spectrum with an appearance rate equal to the fast decay in the CgHgO(NH3)p
clusters where n 2 5 and a competitive recombination rate equal to 350 + 100 ps is reported
for n 2 5. These experiments are conducted without selective cluster excitation (A = 266
nm) and with both one photon (A2 = 355 nm) and two-photons (A3 = 532 nm) used for the
transition to the ionization continuum. The recombination rate is derived from the signal at
long delay time after deconvolution of both the fast decay and the instrument function.

This signal at long delay times is present in both the phenol cluster work and the a-
naphthol cluster work. Generally, for the clusters that undergo the proton transfer, the
ratio of the magnitude of the long-tirr;e signal to the magnitude of the peak signal, neart =
0, decreases as the cluster size increases. In the model adopted by Steadman and Syage,

which involves a fast acid-base equilibrium, this ratio is a measure of the equilibrium
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constant K = kj/ka. A complementary interpretation is that the magnitude of the signal at
long delay time is a reflection of the Franck-Condon probability for ionization from the
excited ionic potential energy surface. The decreasing ratio is then a reflection of the
completeness of the reaction in terms of the structural changes of the cluster and reduction
of the ionization probability.

Overall, the time-resolved cluster measurements are consistent with the description
of excited-state proton transfer in condensed media and the importance of the solvent on
the energetics and dynamics of the process. Detailed picosecond kinetic studies of the
excited state reaction of - and B-naphthol in aqueous media have been reported [73-75].
In experiments with a-naphthol the rate of appearance of the characteristic emission that is
due to the anion (550 nm) and the disappearance of emission that is due to the neutral
naphthols (350 nm) is measured at room temperature as a function of solution pH. For
H»0 solutions at a pH equal to 7, where the neutral is directly excited and the anion formed
in the proton transfer reaction, both the rise and fall times show the same response of 33 +
5 ps. For solutions with D0 at the same pH, the response is 105 £ 5 ps [75]. In
addition, other experimental studies, coupled with Markov random-walk calculations, for
the naphthols in methanol/water solutions lead to the conclusion that a water cluster with n
=4 1 1 is the proton acceptor and that the reaction rate is controlled by the time necessary
to form this specific structure [73,74]. The excited-state proton-transfer is known not to
occur for the naphthols in neat methanol [90].

The failure to observe the excited-state proton-transfer reaction in small gas-phase
clusters of water is common to both the a-naphthol and the phenol system. In the
spectroscopic studies of Leutwyler and co-workers, the evidence for the reaction is not as
clear as in the ammonia and piperidin‘c clusters. Although the fluorescence emission does
shift towards the red (below 400 nm) as the cluster size increases, at n 2 30 the emission

does not match well with that of the naphtholate anion in aqueous media. In the cluster
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there are two necessary conditions for the reaction to occur. The proton affinity of the
collection of solvent molecules must exceed the dissociation energy of the proton, and the
solvent molecules must be able to relax and stabilize the ion pair. Thermodynamic
calculations of a cluster's proton affinity, which make use of ion-molecule experimental
data, indicate that the proton affinity should be large enough for a cluster when n = 15 [61].
Since clusters are efficiently cooled in the expansion, they probably resemble amorphous
ice and are therefore quite rigid. The solid nature of the clusters is corroborated by
electron-diffraction studies of water clusters n = 20 to a few hundred generated from a neat
water expansion [91]. Thus the reaction is probably hindered by the slow dielectric
relaxation of the "ice-like" water molecules, which could be longer than the excited state
lifetime of the naphthol. In the condensed phase, the excited-state proton-transfer reaction
is not observed for the naphthols in ice [61]. This concept of solvent rigidity, preventing
proton transfer reactions, in low-temperature glasses has been postulated [92,93].

Another difference between the cluster results and condensed-phase studies is the
difference in the proton-transfer rate. In the picosecond fluorescence studies of a-naphthol
in aqueous media, the rate ranges from 8 to 33 £ 5 ps in water and from 43 to 105 £ 10 ps
in deuterated water as a function of the solution pH [75]. A more directly comparable set
of experiments are the picosecond fluorescence measurements of - and B-NpOH+(NH3)3
in argon matrices [62,63]. In these low temperature experiments, the rate for the proton
transfer is 22 £ 5 ps for a-naphthol and 23 £ 5 for B-naphthol [62,63]. The observed
rates for the gas-phase clusters of a-NpOH*(NH3)p = 3 4 are 100 £ 30 ps.

Quantitative modeling of proton transfer in these cluster systems is difficult at
present. Experimental structural determination of small clusters (n 2 2) is not yet
commonplace. In addition, in the;e solute/solvent systems it will be important to
characterize the cluster both before the reaction and after the transfer when the solvent has

restructured to accommodate the ion pair. However, one can make some qualitative
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statements. Brucker and Kelley concluded that the magnitude of the observed proton-
transfer rates in the argon-matrix studies [62,63] indicate the existence of an energetic
barrier, and that the proton transfer is not an activated process (since the rate was not
sensitive to temperature from 10 to 24K) but proceeds via a tunneling mechanism. By
invoking this mechanism, and assuming that the potential surface can be approximated as
consisting of two bound wells of equal depth [62], the proton-transfer rate (equivalent to

the tunneling frequency) is given by:

a
2 21 2m)172
Do exp| ZEEMZ [yiax|. (6.1)

-a
Using the simplifying assumption that the barrier is parabolic in shape,
V(x) =E(1-x%/a2).  (6.2)

In the above equations, Vv is the vibrational frequency, m is the mass of the proton, and a is
the distance from the center of the barrier to the classical turning points. Since the actual
proton-transfer reaction is exothermic and irreversible, an unsymmetrical potential curve
that is bound-free on one side is likely to be more realistic. In this case, the rate of proton-

transfer [62] is given by

a
- 2
k=veerp| AEEME [yoax| (63)

-a

Regardless of the potential curve used, the two parameters that will control the

proton-transfer rate are the barrier height and the tunneling distance (Figure 8).
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Calculations using the lifetime measurements obtained in the matrix studies, assuming that
the proton transfer distance can be estimated from the average O-H+++Nand O+« H-N
hydrogen bond distances (about 0.7 5R), give barrier estimates of 12.6 and 3.6 kcal/mol
from Equations 6.1 and 6.3, respectively, for the zero-point energy vibration of a proton
[62,63]. The small barrier heights suggest that small changes in the proton-transfer
energetics could have large effects on the proton-transfer rates. Our calculations, similar to
those of References 62 and 63 and using the same barrier height, indicate that a change in
the tunneling distance of 20% can account for a factor of four in the proton-transfer rate. It
seems likely that the clusters in the matrix would be structurally different from the gas-
phase clusters and this would subsequently be reflected in the rate of proton-transfer.
Furthermore, in the supersonic beam one does not have to consider possible interactions of
the cluster with the matrix itself. Studies of different alcohol/solvent systems may shed
insights into how sensitive the proton-transfer rates are to the alcohol/solvent energetics.

It would be of interest to investigate the proton transfer dynamics as a function of
excess vibrational energy for a specific cluster size. In both these and the matrix studies,
the excess vibrational energy is essentially zero. In the matrix, extra energy was added by
heating the matrix block. Laser excitation in supersonic beams differs from conventional
thermal reactions in two fundamental ways: First, single vibrational levels in the excited
electronic states may be excited; and second, the molecules are collision-free during the
experiment and subject to intramolecular interactions only. Such experiments may further
reveal the nature of the barrier and its sensitivity to the local solvent environment.

The overall kinetics of the proton transfer process, including the possibility of IVR,
can be modeled in a phenomenological manner analogous to that of t-stilbene [94]. The
microscopic model, which allows the~kinetics from specifically prepared vibrational states
to be described, is based on the quantum mechanical solution to a similar problem worked

out in the context of radiationless transition theory [95]. Quantum interference effects are
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ignored. A laser pulse excites the solute molecule to a given vibrational state, which may
undergo IVR into a manifold of states. These manifold states then undergo proton transfer
along the proton-transfer coordinate to form the product states. Thus the fast component of
the experimental decays are due to the IVR/reaction taking place in the clusters, while the

long-time component reflects lifetime of the equilibrated system. The general kinetic

scheme is illustrated below.
Initial Reactant Product Bath
Selected State Bath States States
|S> {IL>} {IP>}

e
x
b
x

{IG>}
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Note that the model permits reversibility in the excited state, but relaxation to the ground

state is irreversible. The relevant kinetic equations [94] are

Ns = - (ksg + ksl) Ns + k[le 6.4
Nj = - (kig + kjs + kip) N1+ kgiNg + kpINp 6.5

If the rate of IVR is much faster than the proton-transfer rate, or vice-versa, then the kinetic

scheme can be shown to reduce to the three-state problem [94] described by

kw
{|a>} —". {|b>}
kba
K2 Kbg
{lg>}

Here, state ensembles {la>} and {Ib>} represent either a combination of IS> and {IL>} or
{IL>} and {IP>}. Implicit in this three-state formalism is the assumption that states within
a manifold have very similar decay rates because of equilibration or similar Franck-Condon
factors. The assumption, while not necessarily correct, greatly simplifies the analysis.
Solving Equations 6.4 through 6.6 for the populations is straightforward, and the solutions

for either combination of {la>} and {Ib>} are given below.

Na(t) = K{exp(-Aqt) + mexp(-Apt)} Na(0) N(t) = F{exp(-Apt) - exp(-Aat) }Na(0)
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where the various constants are given by the expressions

K=Aa-lh F= kab mzla—Aa
Xa'kb Xa'xb Aa‘lb
Aa =kag + kap Ap =kpg + kpa

Aab =15 ((Aa+ Ab) £ [(Aa- Ap)2 + 4kapkpl 12)

If the rate of IVR from the initially excited vibrational state is much faster than all other rate
constants, then the latter will be mode-independent.

Figure 9 shows simulated population decays, assuming that the IVR rate is much
faster than all other rate constants. The decays are calculated for a series of back-reaction
rate constants, represented by kp, in the three-state formalism of the previous paragraph.
The expected populations of the a-NpOH+(NH3), and the (a-NpO-)s[H+(NH3),] are
shown. The time axis is the same as for the experimental decays. Data from the .-
NpOH+(NH3)p, = 3 4 clusters are used for the proton transfer rate kap (100 ps), the decay
from the initial excited state back to the ground state (60 ns), and for the decay of the
equilibrated system (40 ns) to the ground state. Although the plotted curves are not meant
to simulate the experimental data quantitatively, they do suggest that the experimentally
observed biexponential decays are influenced by the balance between the back-reaction rate

versus the proton transfer rate.
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IV. Conclusions

Picosecond time-resolved pump-probe spectroscopy has been applied to excited-
state proton-transfer reactions in small clusters. The investigation of the clusters a-
naphthol with ammonia, piperidine and water indicates the occurrence of the proton transfer
on the picosecond timescale in the clusters o-NpOH*(NH3)p =3 4 and a-NpOH<+(CsH11N),
=2,3. The measured rates of 100 t 30 ps for the ammonia clusters and 65 % 10 ps for the
clusters with piperidine compare well with proton-transfer studies of other gas-phase
clusters, phenol with ammonia, matrix-isolated clusters, a-napthol with ammonia and a-
and B-naphthol in aqueous media. Future application of these techniques to other cluster

systems will possibly provide insights into condensed-phase solvent dynamics and the

solvent's role in reaction dynamics.
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TABLE 1

Cluster-Size Dependent Spectral Shifts

Cluster Spectral Shift (cm™1) Pump A (nm) Probe A (nm)
a-NpOH ¢ (NH3)p 2
n=0 0 3179
1 -236 320.4 324.0
2(A) -276 320.7 324.0
2(B) -352 321.6 324.0
3 - 409 3223 337.5
4 -710£ 50 323.3 337.5
a-NpOH ¢ (H20), ®
n=1 -143+ 10 319.4 337.5
2 - 81 318.7 "
3 - 136 319.1 "
4 - 164 319.6 "
5 -155/-113°¢ 319.9 "
6 /-107 " "
7 /-111 " "
8 -105/-208 " "
9 /-175 " "
10 /-161 " "
11 ' /-142 " "
12 /-209 " "
13 /-207 " "
14 /-200 " "
15 /-215 " "
16 /-238 . "
17 /-233 " "
18 /- 247 " "
19 /-238 " "

20 / - 200 " "
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TJABLE 1 (continued)
a-NpOH « (CeH11N)p 4
n=1 -307+25 320.9 337.5
2 =-750 320.9 "
3 320.9 "

a = Reference 60
b = Reference 61
¢ = sharp band position/broad band position
d =Reference 59
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TABLE 2
Pi nd Fluorescence Measurements of a-N » (NH3)n
a-NpOH « (NH3)0 602 318.1 332.8
a-NpOH « (NH3)1 38+ 1 320.6 335.5
a-NpOH ¢ (NH3)2 43+2 320.9 335.8
a-NpOH « (NH3)2 39+1 321.8 336.7

a-NpOH « (NH3)n24 38 +1 3227 428.0
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FIGURE CAPTIONS

Figure 1.
Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Schematic of the molecular beam apparatus.

Schematic of the picosecond laser system.

A nonresonant photoionization time-of-flight mass spectrum of -
NpOH(NH3);, clusters showing a typical cluster distribution.

Schematic of the experimental arrangement depicting the picosecond laser
system and cluster-beam apparatus.

Pump-probe transients obtained for the clusters a-NpOH(NH3)p=1-4.
Details for each of the experiments are contained in the text and in Table 1.
The solid lines through the transients for a-NpOHe*(NHj)n=3 4 are
numerical fits to the data depicting a fast decay of 100 30 ps.

Pump-probe transients obtained for the clusters a-NpOH*(CsH;j1N); = 1.3.
Details for each of the experiments are contained in the text and in Table 1.
The solid lines through the transients for «-NpOH+(CsH1N)p=2 3 are
numerical fits to the data, depicting a fast decay of 65 % 10 ps.

Pump-probe transients obtained for a-NpOH¢(H20)n=139,13,19 clusters.
Details for each of the experiments are contained in the text and in Table 1.

A schematic view of the potential energy surfaces involved in the proton-
transfer reactions of o-NpOH(NH3)n,

Calculated time dependence of a-NpOH(NH3), and a-(NpO-)[H*(NH3)p]
over the period of the pump-probe transients for n = 3,4. Rate constants
correspond to the three-state model depicted on page 202. It is assumed that
the IVR rate is much faster than all other rate constants. The decays are
calculated for reverse proton-transfer rate constants (kpa) equaling 1x107,
1x108, 1x109, 5x109, 1x1010, 5x1010, and 1x1011 sec. Additional
parameters are the lifetimes of 100 ps for the forward proton-transfer rate
(kab), 60 ns for the decay from the initial excited state back to the ground
state (kag), and 40 ns for the decay of the equilibrated system to the ground
state (kpg). The decays correspond to increasing reverse proton-transfer
rate constants from top to bottom for the a-(NpO-)[H*(NH3),] curves, and
from bottom to top for the a-NpOH(NH3), curves.
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Molecular Beam Apparatus Schematic. Top View.
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CHAPTER 7

SUMMARY AND CONCLUSIONS
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The separation of charges is one of the more pervasive processes in nature. In this
thesis, the molecules p-(Dimethylamino)benzonitrile (DMABN) and a-naphthol (o-NpOH)
have been used as model systems for studying the charge-transfer process. The molecules
were studied in neutral molecular clusters composed of the molecule plus some number of
solvent molecules. Molecular clusters, defined as chemical species held together by forces
weaker than the average chemical bond, provide an environment to study the solvation
process as a function of specific solvent-cluster size. Being larger than ordinary molecules
but smaller than bulk objects, clusters represent a state of matter that is intermediate
between molecules and the condensed phase. Therefore, the use of clusters offers the
opportunity to investigate solvation effects on the reaction dynamics of a system as it
evolves from the gas phase to the condensed phase. The extent of solvation is often critical
since reaction intermediates and products can be stabilized by the solvent, or react with the
solvent itself. In solution, the charge-transfer behavior of DMABN and o-NpOH is
dependent on the nature of the solvent.

Electronic absorption and emission spectra studies of size-selected clusters have
shown that the major effects of solvent clusters on the solute electronic absorption spectra
are to shift the peak locations, to broaden the width of the bands, and to change the band
shapes. The changes may be very specific and highly dependent on cluster size.
Furthermore, the trends in the band shifts, bandwidths, and band shapes can be very
nonmonotonic. However, these experiments were sensitive only to the equilibria between
reactant and product. Since inhomogeneous broadening of the linewidths occurs in
clusters, temporal resolution is essential for measuring and understanding the dynamics that
occurs in these clusters. ‘

Given this motivation, a new apparatus for making real-time measurements of large
neutral clusters was constructed. It consists of a molecular beam interrogated by two

picosecond lasers, accompanied by fluorescence and ion detection. The size of the solvent-
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solute system is selected by adjusting the molecular beam conditions. This opens the
possibility for studying the role of solvation on the physical, chemical, and dynamical
behavior of the system from the solvent-solute van der Waals complex to the solution bulk
limit. Two types of experiments for studying the dynamics of clusters may be performed
with the apparatus: laser-induced fluorescence (LIF) and resonance-enhanced multi-photon
ionization (REMPI). REMPI has an advantage over LIF in being more species-specific,
and is able to resolve species with overlapping absorption spectra. Additionally, electron-
impact (EI) ionization is available for characterizing the cluster beam. The combination of
the laser and molecular beam allows for investigation of the effect of solvent on the excited
electronic state dynamics of the solute molecule for a specific cluster size.

The DMABN molecule presents a case where the charge-transfer (electron-transfer)
is intramolecular. The solvent may stabilize the twisted internal-charge-transfer (TICT)
state, but is not a direct participant in the charge-transfer reaction. The experimental data
indicate that in a thermalized vapor self-complexes of DMABN (dimer or n-mer) can
undergo an excited-state isomerization, given the observed visible emission characteristic of
this polar state. Self-complexes were also formed in the beam, as evidenced by a red-shift
in the neutral form emission, but charge-transfer was not observed. This reflects the
differences in the internal temperature and/or size of the self-complexes formed in the jet
versus those formed in the vapor. In contrast, the beam studies reveal that the isolated
molecule and the 1:1 complex with water, methanol, acetonitrile, or ammonia do not
undergo a charge-transfer isomerization. These results can be understood in terms of the
argument that a sufficiently polar solvent molecule or molecules are required before excited-
state charge-transfer and structural twi‘st can occur. One solvent molecule is insufficient to
stabilize the charge-separated form.

The influence of the solvent on the formation of the TICT state is also of interest.

In the molecular beam, the solvent configuration about the solute is frozen out. However,
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it is not clear what effect, if any, freezing the solvent configuration has since liquid-state
studies suggest that solvent dielectric relaxation does not control TICT state formation.
Also of importance is the possible role of specific interactions between the solute and
solvent. In protic solutions, hydrogen bonding is thought to oppose the charge transfer in
DMABN by withdrawing electron density from the amino nitrogen. In order to make any
statements about the effects of hydrogen bonding on the dynamics of CT formation, the
geometry of the DMABN-solvent complex must be determined.

A further complication in the DMABN experiments is that they were done before
the apparatus possessed mass resolution capability. This makes it impossible to evaluate
the size distribution of the self-complexes in the molecular beam or in the vapor. In
addition, this prevented the study of solute-solvent complexes larger than a 1:1 complex in
the molecular beam experiments. For the molecular beam, conditions were set to optimize
the 1:1 solute-solvent complex while keeping the signal response linear with respect to
solvent vapor pressure. This minimizes possible interferences from larger clusters.

The intracluster proton transfer between a-NpOH and surrounding solvent
molecules is an example of a reaction directly involving the solvent. The radical change in
its acidity upon optical excitation to the first excited singlet electronic state makes it useful
to investigate the dynamics of proton transfer and of chemical reaction induced by a rapid
pH jump. The investigation of the clusters a-NpOH with ammonia, piperidine and water
indicate the occurrence of the proton-transfer on the picosecond timescale in the clusters -
NpOH+(NH3)p = 34 and a-NpOH+(CsH;1N), =23. The measured rates of 100£30 ps for
the ammonia clusters and 6510 ps for the clusters with piperidine compare well with
proton-transfer studies of other gas-pl}asc clusters: phenol with ammonia, matrix-isolated
clusters, a-napthol with ammonia and a- and B-naphthol in aqueous media. A significant
difference between this time-resolved work and previous time-integrated spectroscopy

work concerns the threshold size for the a-NpOH+(NH3), system. In the frequency
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domain, the threshold for the appearance of a broad excitation spectrum and a large Stokes
shifted emission is the cluster a-NpOH+(NH3)4. In the time-resolved measurements this
threshold is the cluster a-NpOH+(NH3)3. In the case of water, no proton transfer was
observed for up to n=21. The cluster-size thresholds have been rationalized in terms of a
threshold proton affinity of the solvent. The proton affinity of the solvent must be larger
than the acid dissociation energy, which implies that the reaction is exothermic. In the case
of water, over 30 solvent molecules are believed to be required before proton-transfer can
occur.

It is thought that clusters will serve as finite, microscopic models of the condensed
phase. Studies of their properties will shed light on the microscopic events that occur in
bulk systems. However, on the basis of the behavior of a-NpOH, it seems that the
extrapolation of properties from the isolated molecule to the condensed phase is not direct.
There appears to be a critical number, below which cluster behavior is discrete and cluster
size dependent, and above which there is an asymptotic approach to the bulk behavior.

Measurement of other relaxation rates in clusters would be a feasible experiment to
help understand the effects of the solvent on the reaction at a microscopic level. Of
particular interest is the influence of the solvent on intramolecular vibrational energy
redistribution (IVR). The upper limit on the amount of excess vibrational energy that can
be deposited in a cluster is limited by fragmentation. In the DMABN experiments, charge-
transfer was found for the vapor cell self-complexes under certain excitation conditions. It
would be of interest to investigate the excess vibrational energy dependence of these self-
complexes, as well as of higher order DMABN-solvent clusters. Such studies might
identify the differences between the c%usters formed by the molecular beam and the vapor
cell, and explain why charge-transfer fluorescence is observed in one case but not the
other. In the a-NpOH experiments, excitation was conducted with essentially no excess

vibrational energy. Work in matrices suggests that the reaction rate is governed by



183

tunneling through a barrier, rather than being an activated process. Qualitative calculations
indicate that the reaction barrier is not too large, so that deuteration or excess vibrational
energy might have a profound influence on the measured reaction rate. Studies of the
excess vibrational energy dependence of the proton-transfer rate in a-NpOH clusters, as
well as in different alcohol/solvent systems, may shed insights into understanding how the
rates are influenced by the alcohol/solvent energetics. Furthermore, such experiments may
further reveal the nature of the barrier and its sensitivity to the local solvent environment.

In conclusion, time-resolved picosecond studies hold great promise for studying
complex reaction mechanisms in size-specific neutral clusters. The proton-transfer reaction
of a-NpOH in various basic solvent clusters is indicative of the size-dependent phenomena
which time-resolved pump-probe spectroscopy is capable of monitoring directly. Future
application to other cluster systems may provide insights into condensed-phase solvent
dynamics and the role of the solvent in reaction dynamics. Relaxation processes such as
intramolecular vibrational energy redistribution (IVR) can be characterized as the number of
solvent molecules becomes very large. Although the techniques are now well established
for studying stepwise solvation, the work reported here shows that picosecond
measurements of rapid intra- and intermolecular photochemistry in clusters offer a new

domain for studying the molecular basis of solvation in molecular systems.
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APPENDIX

DYNAMICS OF INTRAMOLECULAR VIBRATIONAL
ENERGY REDISTRIBUTION IN DEUTERIATED
ANTHRACENES: ROTATIONAL BAND CONTOUR
ANALYSIS AND TIME-RESOLVED MEASUREMENTS

This appendix was previously published as:

L.W. Peng, B.W. Keelan, D.H. Semmes, and A.H. Zewail,“Dynamics of Intramolecular
Vibrational Energy Redistribution in Deuteriated Anthracenes: Rotational Band Contour
Analysis and Time-Resolved Measurements,"

Journal of Physical Chemistry, 92, 5540-5549 (1988).
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ABSTRACT

The nature of intramolecular vibrational energy redistribution (IVR) in jet-cooled
anthracene-9-d; and anthracene-dj( has been investigated in both the frequency and time
domains. Comparison with anthracene-hj( is made, with particular emphasis on the role
of vibrational density of states and molecular symmetry. The general regions of IVR
(nonexistent, restrictive, and dissipative) have been identified, as in anthracene-hjg, in all

molecules studied.
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I. INTRODUCTION:

In a recent series of papers from this laboratory [1,2], the dynamics of
intramolecular vibrational energy redistribution (IVR) was investigated in jet-cooled
anthracene-hjg and trans-stilbene. This was accomplished by spectrally and temporally
resolving the fluorescence as a function of excess vibrational energy. From the spectral
data [2] for anthracene-hyg, it was possible to assign the vibrational symmetries (ag or byg)
of levels below 1100 cm-! and other higher energy levels. In addition, the distinctiveness
of the P-(Q)-R structure of the contours served as a basis for evaluating the spectral purity
of levels, i.e., whether a level had major contributions from one (spectrally pure) or more
than one (spectrally impure) vibronic state. The temporal data [1] revealed the dynamic
nature of the redistribution as a function of excess energy. Single-exponential, quantum
beats, and biexponential fluorescence decays have been measured for both anthracene-hjg
and trans-stilbene. The relationship of the decays to the nature of dynamic IVR
(nonexistent to restrictive to dissipative with increasing vibrational energy) has been
discussed in detail [1,3,4]. Single-exponential decays indicate the absence of dynamic IVR
in the excited single vibronic level (SVL), while quantum beats are the result of IVR among
a few vibrational levels. Biexponential decays indicate dissipative IVR among
approximately 10 or more levels [5].

In an attempt to generalize these finding to deuteriated analogues and to understand
the effect of chemical structure of IVR, we have undertaken studies of IVR in partially and
fully deuteriated anthracenes. In this paper we will focus on the simplest aspects of
molecular symmetry and vibrational-state density. These effects on IVR can be potentially
investigated by spectrally and tempora‘uy studying the fluorescence as a function of excess
vibrational energy in two of anthracene's isotopes: anthracene-9-d) (point-group symmetry
sz) and anthracene-d;g (point-group symmetry Dop). The fluorescence excitation spectra,

dispersed fluorescence spectra, and temporal data for the three anthracene isotopes are
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compared. From these data, the vibrational assignments and purity and IVR dynamics are
presented. An exhaustive rotational band contour analysis of 65 levels in anthracene-9-d;
and 71 levels in anthracene-djg is made, and the results are compared with 61 levels in

anthracene-hjg.

II. EXPERIMENTAL SECTION

To study the IVR in the two anthracene isotopes, we measured the frequency- and
time-resolved fluorescence intensity from many single vibronic levels observed in their
excitation spectra. Two sets of laser/supersonic jet apparatus were used for this study.
The experimental arrangements are the same as for most of the earlier work done on
anthracene-hjg.

The spectroscopy of the deuteriated anthracenes was obtained by using a Nd:YAG
pumped pulsed dye laser system (10 Hz, 5-ns pulse width), with the dye laser output
frequency-doubled by a KDP crystal to produce UV light. The dyes used in this study
were 25% normal concentration LDS 750 in normal concentration methanolic LDS 698
(lower energies) and normal concentration ethanolic LDS 698 (higher energies). Spectra
were taken with the sample temperature held at 443K with 50 psi of carrier gas (nitrogen or
neon) backing pressure. Optimal cooling was achieved at a laser-to-nozzle distance of 10
mm, with the nozzle diameter being 0.5 mm. When the emission was not resolved with the
monochromator, it was passed through a UV band-pass filter (Schott UG-11 filter) to
remove stray visible light and through a cutoff filter (Schott GG-395 filter) to remove
scattered laser light. Pressure tuning was done with nitrogen, which gives a full-scan
range of 20 cm-! at 360 nm. The pu{scd dye laser was frequency-calibrated by using an
iron-neon lamp and the optogalvanic method [7]. Vibrational frequencies are reproducible
to+1 cm-! below 1000 cm! and #2 cm-! above 1000 cmr-L.
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Temporal data were obtained by using a modelocked, synchronously pumped,
cavity-dumped dye laser. The red dye laser output was doubled with a lithium iodate
second-harmonic generation crystal producing nanojoule pulses in the ultraviolet (UV)
region of a 15-ps duration. Dispersed fluorescence spectra were recorded by using a three-
plate birefringent filter as a tuning element, which gives a 5 cm-! bandwidth in the UV
output. Temporal decays of dispersed fluorescence were recorded with an etalon as an
additional tuning element to narrow the laser bandwidth to 2 cm-l. These near-ultraviolet
laser beam pulses illuminated molecules in a free-jet molecular beam expansion that was
produced by expanding 30 psi of helium over the isotope of anthracene in a reservoir held
at 438K (about 5 torr of vapor pressure) and expanded through a 70 micron pinhole.
Fluorescence was dispersed by a 0.5m monochromator and collected by one of three
photomultiplier tubes (PMT's), depending on the relative importance of a short system
response time and absolute sensitivity. Dispersed fluorescence spectra were recorded with
a 1.6A resolution by counting the pulses from an Amperex XP2020Q photomultiplier tube
with a multichannel analyzer. Temporal decays of spectrally resolved emission were
recorded by using time-correlated single-photon-counting electronics and either a
Hamamatsu R1564U or a Hamamatsu R2287U-01 multichannel plate photomultiplier tube.
The system response function was measured after each decay by detecting scattered laser
light when the molecular beam nozzle was moved in the laser beam and typically had a full
width at half maximum (FWHM) of 80 ps. The measured decays were deconvoluted from
the system response function and fit to a single exponential, were Fourier analyzed to
obtain quantum beat frequencies, or were deconvoluted from the system response function
and fit to a double-exponential deca)f depending on the nature of the decay. Data were
stored and analyzed with a PDP 11/23 computer. The monochromator was calibrated by
recording the spectrum of a hollow cathode iron-neon lamp under normal experimental

conditions.
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Anthracene-h1¢ (Aldrich 99.9+%) and anthracene-d;q (Aldrich 98+%) were used
without further purification. Anthracene-9-d; was synthesized from 9-bromoanthracene
(Aldrich 98%) by lithiation with n-butyllithium followed by hydrolysis in D70 [8].
Following recrystallization in benzene, the purity of the product was found to be >99%
chemically by gas chromatography and >95% isotopically by mass spectrometry (the
balance being anthracene-hlo). The excitation spectrum of anthracene-9-d; showed minor

anthracene-hj impurity lines; these were readily identified by absolute frequency and

relative intensity.

III. VIBRATIONAL-STATE DENSITIES
A. Anthracene-hjy.

Vibrational-state densities were calculated between 0 and 2000 cm-! by using the
direct-counting computer program reported in the paper by Khundkar et al. [9]. Vibrational
frequencies for the normal modes of the ground electronic state were taken from the
valence-field calculations of Cyvin and Cyvin [10] for the in-plane vibrations and from the
calculations of Evans and Scully [11] for the out-of-plane vibrational frequencies. The
force fields used in these calculations were based on infrared absorption frequencies and a
force field transferred from benzene, respectively. All of these calculated frequencies are
close to the experimentally determined values [12,13] for both the in-plane and out-of-plane
vibrational frequencies.

In the excited state, however, there is a dearth of information on the values of the
vibrational frequencies. From spectroscopic experiments on isolated molecules in a
molecular beam, 15 vibrational frqucncies are known in both the ground and the first
excited singlet electronic states, all for in-plane modes [3]. Vibrational frequencies have
not been calculated for the excited-state force field. The only quantitative indication of how

the vibrational frequencies and therefore the density of vibrational states change for
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anthracene-hg when it is excited into the first singlet from ground singlet comes from data
on benzene, where there is good agreement between calculated and measured vibrational
frequencies for almost all the vibrational modes in the ground and excited electronic states
[14,15].

Our approximate calculations for the vibrational-state densities of the three isotopes
in the first excited singlet are based on the valence field normal frequencies for the ground
singlet [10,11]. The difference between values for Sg and S are roughly accounted for by
considering data for benzene. Benzene's in-plane vibrational frequencies are 4% lower in
S1 than in Sp on the average (known S anthracene in-plane vibrational frequencies are 6%
lower than the average in Sg), and out-of-plane vibrational frequencies are 32% lower on
the average. To calculate the vibrational-state density for anthracene in the excited singlet,
we therefore made the approximation that the average difference between the in-plane and
out-of-plane vibrational frequencies in the ground and first excited singlet of anthracene is
the same as the average difference for benzene, 4% for in-plane and 32% for out-of-plane
vibrations.

The approximate S vibrational frequencies for anthracene calculated by using this
benzene-like approximation were used with the computer algorithm mentioned to directly
count the number and density of vibrational levels at various energies of interest. To
estimate the uncertainty in this approximation, we repeated the calculation with the out-of-
plane frequencies decreased by 5% more and 5% less than the average in benzene. The

results are listed in Table I and plotted in Figure 1.

B. State Densities of the Isotopes.
A detailed normal-coordinate calculation of the Sqg anthracene-d;g frequencies is
given in the literature [10,11]. The vibrational density of states (labeled as curve B for

anthracene-djo in Figure 2) is then calculated in the same manner as is done for
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anthracene-hjg. Curve A for anthracene-d)¢ is an approximate calculation based on the
well-known Teller-Redlich rule for isotopic substitution [16]. Similarly, the vibrational
frequencies for anthracene-9-d; in S1 were calculated by using the Teller-Redlich rule and
the approximate S; anthracene-hjq frequencies. The Teller-Redlich rule, in the harmonic
oscillator limit, relates products of vibrational frequencies for an unsubstituted molecule to
those of the substituted molecule for each symmetry species of the lower symmetry point
group (only Cay in the case of anthracene-9-d;). For use of the equation to calculate
explicitly the frequencies for the substituted molecule, an approximation must be made
relating each of the frequencies in each symmetry class to the anthracene-hjg frequencies of
that class. Since it is impossible to estimate frequency changes for specific vibrations
without a more involved normal-coordinate analysis, it is assumed that all frequencies
change by the same factor or, equivalently, that the ratios of vibrational frequencies of the
same symmetry species are the same for the two isotopically related molecules [17]. Again,
the direct-counting computer algorithm was used to calculate state densities from these

vibrational frequencies. The results are listed in Table I and plotted in Figure 2 [18].

IV. RESULTS AND DISCUSSION
A. Fluorescence Excitation Spectra.

Although the power-normalized S; fluorescence-excitation spectra of anthracene-9-
d; (point-group symmetry Cay) and anthracene-djg (point-group symmetry Dzp) in
supersonic beams have been reported previously [19], these spectra were not analyzed in
any great detail.

The S1 fluorescence cxcitatior} spectra of anthracene-9-d) and anthracene-djg are
compared with that of anthracene-hjp in Figure 3. Each spectrum is plotted against
vibrational (excess) energy, i.e., energy above the electronic origin. By obtaining the

spectrum of a mixture of all three analogues, we determined the relative positions of the
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anthracene-9-d; and anthracene-dj origins to be 12 and 71 cmr-l, respectively, to the blue
of the anthracene-hjq origin (27695 cm-1) [19]. Origin blue-shifts upon deuteriation are
expected since excited-state vibrational frequencies are usually lower than ground-state
frequencies and so have smaller absolute deuterium (zero-point) shifts.

The vibrational energies (cm-! ) and relative intensities (origin = 100%) of the more
intense levels in each isotopic species are listed in Table II. The intensities above which the
table is complete for each species are as follows: anthracene-hjg, 0.05%; anthracene-9-d;,
0.1%; anthracene-djg, 1%. Analogous levels in the different isotopic species are placed on
the same line of the table. The assignments involved many points (and sometimes
speculations), and the criteria used for the assignments have been detailed in Reference 20.

It is shown in section IV.D that the ag and bjg modes can be easily distinguished by
contour shapes. The small number of non-totally symmetric modes simplified the
determination of analogous bands and thus provided a check on the isotopic shifts and
intensity changes of nearby symmetric levels. Levels of different isotopes were not
considered analogous and placed on the same line of Table II unless this assignment was
consistent with most or all of the different criteria.

The excitation spectra of these three analogues are qualitatively very similar, but
they differ quantitatively in the variation of average intensity with vibrational energy. In
anthracene-hjg, the intensity of levels drops precipitously with increasing vibrational
energy: e.g., the strongest level in the C-C stretching region (1380 cm'1 ) is only ~1.4% as
strong as the origin. The average level intensity drops off less rapidly in anthracene-9-di;
the strongest C-C stretch at 1409 cm-! is ~5.3% as intense as the origin. In anthracene-
d10, average intensity decreases slowly with Evip; the 1382 cml C-C stretch is ~40.8% as
strong as the origin. The trend is especially clear when one considers the multipliers in
Figure 3 (1, 10, 100 in anthracene-hjg; 1, 10, 20 in anthracene-9-dy; 1, 1, 3 in anthracene-

dj0). In an electronic transition involving little geometry change, most of the intensity is
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concentrated in the origin. It would thus appear that vibronic activity plays an important
role [14,15].

One other difference was noted in the excitation behavior of the three analogues:
While anthracene-hyg was efficiently vibrationally cooled by neon carrier gas (the spectrum
in Figure 3 was obtained with 50 psi of neon), anthracene-9-d; and anthracene-dyo showed
slight and severe apparent sequence congestion, respectively, in neon. Both deuteriated
anthracenes cooled well in 50 psi of nitrogen (see Figure 3). The origin of this difference

in cooling behavior between the isotopic analogues is not clear.

B. Dispersed Fluorescence Spectra.

The dispersed fluorescence spectra of some of the SVLs investigated are presented
in Figure 4 for anthracene-h)g and for the two deuteriated isotopes studied. As was
observed in the earlier studies of anthracene-h, the spectra from the deuteriated isotopes
fall into three general categories of description: (1) Assignable, sharp spectra are observed
at "low" excitation energies. (2) Slightly broadened spectra that still have some sharp,
resolvable structure are observed at "intermediate” excitation energies. Some of this sharp
structure is assignable as originating from the initially excited level and some is not. (3)
Broad, unresolvable spectra with very little resonance fluorescence are observed at "high"
excitation energies. It must be noted, however, that there is not necessarily a clear division
between the three types of behavior. Additionally, as discussed before [1,2], spectral
congestion is not a direct measure of the nature of the dynamic IVR (5].

Table III has explicit spectral assignments for the bands observed in the
fluorescence from the levels at Sy +\751 cm'! and S + 1409 cm'! in anthracene-9-d;,
exemplifying how the bands in the spectra from the different energy regions can be

assigned.



194

C. Temporal Behavior.

The temporal behavior of both "relaxed" (where possible) and "unrelaxed"
fluorescence bands was recorded from the same SVLs as in Figure 4, as some are
presented in Figure 5 for anthracene-hjg and anthracene-9-d;. Similar results (not shown)
were obtained for anthracene-dyg. The difference between the single-exponential decays
(convoluted with the system response function), the beating decays, and the double-
exponential decays of the fluorescence is clear.

The anthracene-hjo data in this section have been published previously and are

repeated here for the purpose of comparison with data from the deuteriated isotopes.

D. Rotational Band Contour Analysis: Medium Resolution.

At lower vibrational energies (<1100cm! ) in both deuteriated anthracenes, nearly
all of the rotational band contours conformed to one of two distinct types. The much
commoner contour type, exemplified by the electronic origins, exhibited well-separated P
and R branches, but no Q branch, and had FWHM near 3.2 cm'l. The rare contour type
(e.g.,at 231 cm! in anthracene-9-d;) showed a sharp Q branch and was narrower than the
prevalent contour type (FWHM of 2.5 cm-1). This situation is identical with that found in
anthracene-hjg (prevalent contour type, FWHM of 2.3 cm-!) [2]. The two types of
contours of each of the three isotopic species are compared in Figure 6 (commoner labeled
ag, rare labeled byg); the similarity of each contour type for the different analogues is
evident. In the previous anthracene-hjg study, the prevalent contour type was associated
with symmetric (ag) vibrations, while the rare type was due to antisymmetric (b1g)
vibrations. Although the same concllgsion can be reached for the deuteriated compounds
strictly by analogy, the arguments of the previous study, suitably modified, are given
below.
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Assuming anthracene to be planar, anthracene-djo belongs to the point group Dap,.
The similarity of the contours of anthracene-9-d; suggests that it is reasonable to use Doy,
nomenclature to describe this species, despite the fact that it belongs to point-group Cay.
We shall follow this convention in this paper so that the symmetry descriptors are
consistent throughout. As Cpy is a subgroup of D2y, this does not result in the loss of
useful information, and Cay nomenclature can be recovered from the Doy, designations. In
Dap, the x, y, and z axes transform like B3y, Bay, and By, respectively. With the
convention Ix < Iy < Iz (so that x is the a rotational axis, y the b, and z the c, where A > B
> C), the S state is By, in symmetry.

With lower-case letters to denote vibrational symmetries and capital letter for
electronic symmetries, the ground vibronic state (which is the only one appreciably
populated in the free jet with nitrogen carrier gas) is IAgag>. Hence one may specify the
symmetry of a vibronic transition to S; simply by specifying the symmetry of the
vibrational level in S;. An ag transition will be fully (electric dipole and Franck-Condon)
allowed and will be y-polarized, since <BayaglylAgag> does not equal zero. The bjg levels
will be vibronically (Herzberg-Teller) allowed by coupling with a B3, state [20,21]. In the
following section, our assignment of transition symmetries is supported by computer
simulation of contour shapes as a function of transition-moment orientation. Anticipating
this, a brief description of higher energy behavior and an explanation of the symmetry
assignments in Table II are appropriate. At higher vibrational energies, there is a tendency
for contours to be broader and less clearly structured; above approximately 1700 cm-!
virtually no contours are noticeably structured (within our resolution). Such contours are
termed "spectrally impure,"” meaniqg that more than one vibronic level contributes

significantly to the contour (Figure 7).
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E. Computer Simulation of Contours.

Computer simulations were generated by a FORTRAN program developed by
Schlag's group in Munich [22]. Distortion in Sg and S; was assumed to be negligible.
Sufficiently large J values were included in the calculations so that a doubling of the
maximum included J value had an insignificant effect on the calculated contour shape
(typically Jmax = 30 was satisfactory). The resolution was taken to be 0.1 cml, twice the
nominal laser bandwidth-limited resolution of the system, as in the anthracene-hjg study.

The rotational constants of the deuteriated anthracenes in Sg were calculated by
using the same structural data [10] as were used in the anthracene-hjg study. The results
(in cm!) for anthracene-9-d; are A = 0.06824, B = 0.01520, and C = 0.01243; for
anthracene-djg, A = 0.05915, B = 0.01385, and C = 0.01249. All three molecules are
close to being prolate symmetric tops, with asymmetry parameters, of X = -0.9007
(anthracene-9-d;), -0.8903 (anthracene-dig), -0.9058 (anthracene-hyg). All three
molecules are close to "case 7" in Ueda and Shimanouchi's study of rotational band
contour shapes in asymmetric tops [23], as all are planar (thus 1-C/A-C/B = 0, since C-1 =
A-1 + B-1), and all have 2C/B approximately equal to 1.6 (anthracene-9-d;, 1.636;
anthracene-djg, 1.620; anthracene-hjg,1.643).

In anthracene-9-dj, there are four pairs of equivalent protons that transform
similarly. Character analysis [20] yields I'pgir = 3A + B (using Cpy rotational subgroup
nomenclature), so X = (3A + B)4 = 136A + 120B. Note that 136 120 = 256 = 28, as is
expected for eight fermions with two possible spin states each. Anthracene-d;g has one set
of two and two sets of four deuterons (spin equal to 1 in units of h/2x ). The two sets of
four deuterons transform identically, so only one set need be analyzed. Character analysis,
analogous to that done for anthracene‘-hm [20], yields X, = 15066A + 14580(B; + B3) +
14823B3. Note that 15066 + (2 x 14580) + 14823 = 310, as is expected for 10 deuterons

with three possible spin states each. The variation in statistical weights in these molecules
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can be compared to that found in anthracene-hyg (Z;; = 288A + 240(B; + B3) + 256B3)
[2].

Two parameters were fit by hand to reproduce the experimental contours: rotational
temperature and excited-state rotational constants. As rotational temperature is increased,
simulations become broader and the P-R branch gap increases. The dependence is weak,
and the temperature can be estimated from previous studies, so fitting to the nearest kelvin
(as evaluated the P-R branch gap values) is straightforward. The temperatures in nitrogen
carrier gas were found for the two classes of vibrations to be ag = 23K, big = 23K for
anthracene-9-dy, and ag = 21K, by = 26K for anthracene-d; , compared to ag = 15K, byg
= 8K for anthracene-hjg . This increase in rotational temperatures upon deuteriation may
be significant as it parallels the poorer vibrational cooling of these compounds in neon, as
was discussed in Section IV.A.

Variation of the excited-state rotational constants affects the relative intensities of the
P, Q, and R branches. Since rotational constants are not expected to change appreciably
upon excitation (they usually decrease slightly because of slightly increased bond lengths),
fitting them to the nearest 0.25% is feasible if one assumes that the three constants change
by the same amount upon excitation; i.e., A¥*/A = B¥/B = C*/C. Although this assumption
is not necessarily correct, it greatly simplifies the fitting procedure. The reductions of
rotational constants upon excitation to S; were found to be 0.5% for anthracene-9-d, and
0.75% for anthracene-d1g, compared to 1% for anthracene-hyg.

It should be emphasized that neither of the two fitted parameters had a profound
influence on the contour shapes of the simulations; e.g., ag contours always lacked Q
branches, while bjg contours always exhibited them. This is important as polarization
(symmetry) assignments might otherv\;ise be ambiguous. The agreement of the simulations

and experimental contours, depicted in Figures 8 (anthracene-9-d;) and 9 (anthracene-d;),
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provides evidence that the commoner and rarer contour types correspond to ag and byg
levels in S, respectively.

Simulations of b3g vibrational contours, using the derived average temperature and
S rotational constants found above, are very broad, with exceptionally intense Q branches.
As in the case of anthracene-hj(, no such contours were observed for the deuteriated
anthracenes. We conclude that vibronic coupling to By, states is less important than the

observed vibronic coupling to B3, states in the first excited states of the three anthracenes

studied.

F. The Restricted IVR Region: An Example.
1. Frequency-Resolved Spectra.

Following excitation to, for example, S; + 1380 cm-! in anthracene-hyg , quantum-
beat modulations have been observed in the fluorescence decays under selective detection
conditions [1,6,24]. Both the in-phase and out-of-phase beats have been observed at a
number of wavelengths. Detection of emission to the Sg + 390 cm-1 level results in a
distinctively modulated decay (390 cm-! is nj3, a prominent ag fundamental in the Sy
excitation spectrum). To probe the coupling mechanism responsible for these quantum
beats (and hence implicated in the process of restricted vibrational redistribution), we
performed the frequency analogues of the temporal experiments [2,6]. The rotational band
contour of S; + 1380 cm! is normal (i.e., similar to other ag contours observed in S
when emission to the Sp + 1460 cm-! region is detected). In contrast, detection of
emission to Sg + 390 cm-1 yields a unique contour, which differs from the other ag
contours in having the R branch much more intense than the P branch, in having a greater
FWHM, and in having a wider, dcep(;r P-R branch gap. The coupling mechanism in this
case could involve Coriolis interactions or special anharmonic forces, as was discussed by

us {1,5,6] and by Amirav [25].
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In anthracene-9-d; , the S1 + 1409 cm-1 level is suitable for a similar study, since
(1) it is an intense, spectrally pure level, exhibiting distinct P-R structure, and (2) two types
of quantum beat modulations (in-phase and out-of-phase) are observed in the fluorescence
decays under certain detection conditions. Specifically, detection of emission to Sg + 390
cm'! yields in-phase quantum beats that are due to emission from a state that is initially
populated by the laser pulse (as in the case of the previously discussed anthracene-hjg
quantum beats). In contrast, detection of emission from a state populated indirectly
through coupling to a laser-populated state, e.g., emission to Sg + 1499 cm-1, yields out-
of-phase quantum beats. These two types of quantum beats differ in phase by 180°, since
the population oscillates between the states producing the two types of modulation. Total
detection of emission (i.e., detection of all emission except that absorbed by a laser cutoff
filter) yields a typical single-exponential decay with no (or very weak) quantum-beat
modulations.

The frequency analogues of these temporal experiments are depicted in Figure 10.
The resolved emission (=dispersed fluorescence) spectrum is shown in the upper half of
the figure, trace A. The rotational band contour obtained with total detection is shown in
trace B in the lower half of the figure. Detection of emission to the range Sg + 390 (£100)
cm-l, shown by the interval labeled 1 in trace A, yields the contour in trace C,
corresponding to in-phase quantum beats. Contour D, corresponding to out-of-phase
quantum beats, was obtained through detection of interval 2 in trace A (Sg + 1499 (125)
cm-l). These three contours are somewhat similar in appearance, the differences being
within the range of experimental uncertainty (as judged by spectral reproducibility).
Certainly there are no dramatic diffe‘rences in contour shapes as in anthracene-hjg Sy +
1380 cml. It would therefore appear that anharmonic coupling is responsible for the
quantum beats in this system, consistent with the dominant extent of anharmonic coupling

in Sy anthracene-hjg [1,5,6]. However, we cannot rule out completely the presence of
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some Coriolis interactions [5,6,25]. It is important to note that even though the spectra are

similar, the time-resolved data reflect entirely distinct IVR dynamics [5].

2. Temporal Behavior.

The fact that anthracene-hjq excited to S} + 1420 cm-! exhibits restrictive IVR
among four levels, while dissipative IVR involving approximately 20 levels is observed at
1792 cm-1, has been justiﬁcd qualitatively by a calculation of vibrational density of states
for the ground singlet electronic state: the density at 1792 cm-1 is 5 times the density at
1420 cm-!, which could account for the observation of 5 times the number of coupled
levels [1b].

More information is necessary, however, to account for the redistribution more
quantitatively. This is apparent when one notes that the actual number of observed coupled
levels in anthracene-hj is larger than the calculated ground-state density would suggest.
For example, in the excitation of anthracene-hjg to S; + 1420 cm-1, the molecular
symmetry of the observed four coupled levels must be the same if the coupling is
anharmonic. Since there are eight symmetry species for Dy, anthracene, there must be 32
levels in the energy region that is under investigation. Although our laser bandwidth is 2
cm-l, we can detect beat frequencies only in our temporal measurements of <10GHz. This
reasoning leads to a total density of 96 states/cm1 for anthracene-hjg, which is far different
from the ground-state calculation of 25 states/cm-!. The state density we calculated for S
agrees more closely with the number of experimentally observed coupled levels, but is
higher that the observed state density (see Table I). At 1420 cm1 the calculated density of
ag states in S is about twice that observed; at 1792 cm-l it is about 4 times that observed
(the number of observed coupled leveils at 1792 cm-! is a lower limit calculated from the
ratio of the amplitudes of the fast and slow components in the biexponential decay of the

unrelaxed fluorescence). This comparison of observed and calculated vibrational-state
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densities suggests that the number of levels participating in the IVR dynamics in
anthracene-hjo is approximately equal, within a factor of 2, to the number of levels of the
proper symmetry to be anharmonically coupled and that are studied experimentally (i.e.,
prepared coherently and resolved temporally).

Overall, the observed IVR in anthracene-9-d; is similar to the observed IVR in
anthracene-hjg. There are, however, exceptions. The level at S; + 1173 cm! in
anthracene-9-d; is involved in restricted redistribution, while a level at very nearly the same
excess vibrational energy in anthracene-hjg (S + 1168 cm-! ) undergoes no dynamic IVR.
This difference in the IVR in anthracene-9-d; compared to anthracene-hjg can be
understood in terms of the effects of symmetry reduction by monodeuteriation as discussed
in the Introduction. By comparing the IVR in anthracene-hjq with the IVR in anthracene-9-
d; that occurs at the energy where the calculated state densities are the same, one is able to
compare IVR in the two molecules. This method would circumvent the major uncertainty
in all the S vibrational-state density calculations: the uncertainty in all the S vibrational
frequencies compared to those of Sg. For example, no IVR is observed when anthracene-
h1g is excited to S; + 1168 cm-1 or less (within our time resolution). The calculated
vibrational-state density for anthracene-hjg at 1168 cm! in Sy is 61 cm'l. From Figure 2,
anthracene-9-d; and anthracene-h1 have nearly the same total state densities at this energy.
If, however, anthracene-9-d; is effectively Cyy rather than Dy, the density of totally
symmetric modes is 61/4 per cm’! instead of 61/8 cm'l. Therefore, no IVR is expected in
anthracene-9-d below 1030 cm-! (where the density of totally symmetric modes is equal to
that of anthracene-hjg at 1168 cm-1) if the IVR is statistical. Listed in Table IV are the
calculated vibrational-state densities for the energies where no, restricted, and dissipative
IVR were observed in anthracenc—hm.s Also listed are the energies where these vibrational-
state densities occur in the deuteriated isotopes. This table indicates how the redistribution

might be expected to change because of isotopic substitution.
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The experimental observation of restricted IVR at S1 + 1173 cm! in anthracene-9-
d; is in accord with these predictions. At this vibrational-state density, beats are seen in the
fluorescence decay of Dop, anthracene-h g and in the fluorescence decay of Cpy anthracene-
9-d;. The energies where IVR is first observed in the two molecules, however, are
different. Similar results regarding the different regions of IVR were also found in

anthracene-dyp.

V. CONCLUSIONS

The highly analogous rovibronic nature of three anthracene isotopes can be seen
from the spectroscopic data. The data clearly show the similarity of the excitation spectra
and rotational band contour shapes, as well as the correlation of the observed vibrational
levels. Qualitatively, we can relate the comparative dynamics of IVR to the relative state
density and symmetry of the molecule. But the most important finding here is that the
regions of IVR identified previously for anthracene-hjg and trans-stilbene (nonexistent,
restrictive, and dissipative IVR) [1,5] have also been found in all deuteriated anthracenes
studied here. These regions of IVR have also been observed recently in azulene by Wallace
and co-workers [26]. Both spectral and temporal studies of these molecules confirm this

picture. It seems that this "division" of IVR regions in large molecules is general.
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TABLE 1

APPROXIMATE DENSITIES AT RELEVANT ENERGIES?

So, anthracene-hjg
S1, anthracene-hyg

S1, anthracene-hjg
(+5%)

S1, anthracene-hjg
(-5%)

S1, anthracene-d;

S1, anthracene-dgb

S1, anthracene-djo°

710 cm!
1
6
4

6
12

15

aPer wavenumber

1420 cm'!
25
233
151

388

257
691

901

bLiterature

1790 cm'!
123
1443
887

2497

1609
5059

6680

CTeller-Redlich rule
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TABLE 1II

COMPARISON OF S; VIBRATIONAL LEVELS IN
ANTHRACENE-H1y, -9D1, AND -Dj9

Anthracene-hjg Anthracene-9d} Anthracene-djg

Enermy® Intensit® Assign® Epersy®  Intensi symd  Energy® Intensi Sym
0

0 1000 0 0 1000 3 0 1000  ag
209 0.17 ag 210 0.1 ag - - -
232 0.74 i} 231 1.4 big 229 11.2 big
385 1351 12) 385 118 agr 370 589 ag
390 045 2x2097 396 0.2 = - - -

- - - - - - 392 1.1 big

- - - 421 0.2 ag - - -
444 0.08 ag 449 0.3 ag 430 1.6 ag
473 0.19 ag 460 0.7 ag 418 4.5 ag
541 0.71 n3 542 1.6 ag 525 10.2 ag
83 024 11 583 08 ag 61 3.5 ag
623 0.06 ag 614 6.6 ag 561 2.1 ag
630 0.05 big 634 0.2 big 619 14 big
678 0.03 ag 673 0.1 ag 649 5.7 ag

- - - 694 0.1 ag - - -
748 0.19 ag 742 0.5 ag 690 2.6
755 045 1043y 751 15 ag 20 18
766 091 12§ 769 2.3 ag 743 14.5 ag



Anthracene-hjg

Anthracene-9d;
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TABLE 1II (continued)

Anthracene-dyg

775

889
895

905
910

961
966

1019

1042

1094

0.04

0.22
0.08

0.09
0.05

0.04

0.03

0.24

0.21

0.14

4

418+370

o oF

778
832

880
864

884
899

913
948

959

995

1012
1028
1037
1073
1089

1101

0.1
0.2

0.5
0.2

0.5
0.1
0.2
0.1
0.1
0.1
0.2
0.1

0.2
0.1
0.6
0.1
0.5
0.1

ag
2

blg
blg
blg

+

3
3

3blg

blg+

788

791
764

804

917

928
937

829

845

1.7

6.7
1.1

1.7

24

2.1

0.7
L5

16.5

34

of
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TABLE II (continued)

Anthracene-hjg Anthracene-9d; Anthracene-djg

142 007 10012} 1092 29 ag
3 } 1135 0.3 + {
146 019 12§ 114 16 ag
1158 0.08 ag - - - - - -
- - - 1160 07 big 864 1.0 big

. 1167 1.1 ag 874 5.4 ag
1168 056 108

1173 13 + 882 8.8 ag

- - - 1183 0.3 + - - -
1184 0.15 7 1189 0.4 bigt - - -
- - - 1269 0.1 + - - -
- - - 1278 0.1 + - - -
- - - 1297 0.2 + - - -
- - - 1304 0.2 ag - - -
- - - 1319 02 ag - - -
1291 0.19 ag - - - - - -
- - - - - - 1039 19 3
- - - - - - 1136 1.0 +
- - - - - - 1162 12 +
- - 8294370 . - - 1197 3.8 ag

- - - - - - 1235 1.5 ag



Anthracene-hjg

TABLE 1II (continued)

Anthracene-9d;
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1380

1389

1409

1414

1418

1420

1469

1501

1506

1508

1514

1516

1.39
0.27

0.80

0.13

0.35

0.73

0.09

1.03
0.20

0.24

0.56

0.24

1375

1409

} 1418

1435
1454
1469
1480

1499

1509

1520 -

3.0

53

0.3

1.5
03

0.2
0.2

3.4

Anthracene-djg

Energy Intensity Sym

1307
1339
1359
1364

1382

1450

1419

1425

1440

1215
1465

1484

1475

1497

3.5
8.6
1.7
3.5

40.8

332

24

24

15.2

1.1
2.5

17.7

9.6

39

%

+ oF

o8

blg+b1g?
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TABLE 1II (continued)

Anthracene-hjg Anthracene-9d; Anthracene-djg
1543 0.06 +

152 02 + }
1545 0.08 + 1510 25 +
1540 0.5 +
1548 009 3
155 014 78512 155 02 + { e K
1249 16 ag
1577 006 = 1573 03 + 1546 46 ag
159 007 = 1582 03 ag 1554 438 ¥
1635 025 ag 1629 04 + 1592 65  ag
1640 0.9 + - - - 1587 37 ag
- - - - - - 1608 19 ag+
1715 007 = 1705 0.1 + 1641 63 agr
- - 2x829 - - - 168 28  ag
- - 13074370 - - - 1679 10 ag
i, - - . . - 1690 20  ag
- - 1339+370 - - - 1712 2.5 +
- - 13594370 - - - 1729 14 .
1767 023 612} 17%65 07 + 1751 16 .
7711 o011 + - - - - i, -
1773 013 13894385 - - - - - -
. - - i, - - 1778 42 .

1792 0.28  1409+385 1792 1.2 + 1811 8.9 +
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TABLE 11 (continued)

Anthracene-hjo Anthracene-9di Anthracene-dig

1795 0.05 1414+385}

1803 0. = 1793 1.1 +

1798 005 14184385
1801 014  5h128 1820 0.1 - 1821 64 +
1883 0.04 + - - _ . i, ;
1885 012 4912} 1886 0.6 + 1852 36 +
1890  0.04  1506+385 - - - - - -
1895 004  3li2} - - - 1846 3.6 +
1897 004 15164385 - - - 1866 0.6 =
- - - 1926 0.1 = 1920 15 "
- - - - - - 1952 1.7 +

- - 1592+370 - - - 1961 1.7 +
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TABLE II (continued)

2 Vibrational energy in cm'l. The -h10 data are primarily from Refs. 2 and 13. The -hj( origin is 27695
cm-! (from Ref. 13); in this study the -9d1 and -d1( origins were found to be shifted 12 and 71 cm-1,

respectively, to higher energy.

b Percent intensity relative to the origin of each molecule (100%), which is the most intense transition in

each molecule. The -hj() data are primarily from Refs. 2 and 13.

¢ A',I,‘ denotes the transition of mode number A from n quanta in the ground electronic state 0 m quanta in
the excited state S1; combination bands are AI,I,]B; A bar over a mode number indicates a non-totally
symmetric (e.g., b1g) vibration. Where mode numbers have not been assigned in Ref. 13, combination
bands are denoted by a + b, where a and b are the -hj( vibrational frequencies in cm™! (in a few cases,
combination bands in -dj( have no observed -hj( analog; the -d1( frequencies are then given in this
column). For levels not assigned in Ref. 13. vibrational symmetries from Ref. 2 are given (see note d for
designations; superpositions of levels are also denoted with a comma; e.g., 10(1),ag indicates that mode

number 10 and another ag vibration overlap).

d Vibrational symmetries found in this study from rotational band contour analysis. Superpositions of
levels are denoted variously, e.g. 2ag (two ag vibrations overlap), ag+ (one or more vibrations of
indeterminate symmetry overlap with an ag vibrations), or just + (two or more vibrations of indeterminate
symmetry overlap). The designation == indicates that no symmetry analysis has been performed for that

level.
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390

1164

1411
1457
1499

1556
1587
1692
1883

1942
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TABLE III

SPECTRAL ANALYSIS

Assignment
S1 + 1409 cm-!

1409}

14095123

14098%

1409
?

?
1409389129
?

?

?

1409489129

22

13

34
55
93

100
51
26
47

46



390

753

905
1033

1138

1914
2005

2158

2313

2546
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TABLE III (continued)

SPECTRAL ANALYSIS

Assignment
S1+751 cml
109
105125
10}

?

?
101129
10189
(753 + 1252)
10}6]
10189129

10169129

54

24

100
38
39

46

20
20

33

29
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TABLE IV?
Vibrational
State Density E(-h10)
no IVR 61 1170
restricted IVR 120-700 1290-1640
dissipative IVR 1500 1800

E(-9-dp) E(-di0)
1030 960
1160-1480 1080-1380
1670 1530

aThe densities are per wavenumber, and the energies are in wavenumbers.
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FIGURE CAPTIONS

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7:

Figure 8:

Figure 9:

Calculated vibrational density of states versus excess vibrational energy for
the S and S electronic states in anthracene-hg.

Calculated vibrational density of states versus excess vibrational energy for
the S1 electronic state of the three anthracene analogues.

S fluorescence excitation spectra of anthracene-hjg (50 psig of neon,
415K, X/D = 24), anthracene-9-d;, and anthracene-djg (both 50 psi of
nitrogen,m 443 K, X/D = 20). Energy references are the electronic origins
(anthracene-h1g = 27695 cm-1, anthracene-9-dy = 27707 cml, anthracene-

djp = 27766 cm'1). Note that the multiplicative factors for the intensities
differ in the three spectra.

Dispersed fluorescence spectra (anthracene-hjg, top; anthracene-9-dj,
middle; anthracene-djg, bottom) taken for selected bands in the excitation
spectra of the three anthracene analogues. Resolution is 1.6A.

In-phase fluorescence decays (anthracene-hyg, left column; anthracene-9-d;,
right column) of the initially excited state for selected bands in the excitation
spectra of the three anthracene analogues. All decays are for detection 390
cm1 to the red of the excitation wavelength. '

Comparison of experimental rotational band contours for the origin (ag

symmetry) and V1; (by g symmetry) for each of the three isotopic species.
Experimental conditions were 50 psig of nitrogen, 443 K, X/D= 20.

Variation of spectral purity of rotational contours with vibrational energy in
anthracene-djo. The three contours shown are S1 + 1039, 1450, and 1751

cm-1, which are assigned as ag, a;g+, and +, respectively. Note the decrease
of the distinctiveness of the %’- rotational structure and the increase in
FWHM as vibrational energy increases.

Comparison of experimental rotational band contours (EXP) and computer
simulations (SIM) for anthracene-9-d;. Experimental conditions were as in
Figure 6. The contours were best reproduced by using excited-state
rotational constant reduced 1/2% from the ground-state values and taking
the rotational temperature to be 23 K.

Comparison of experimental contours (EXP, conditions as in Figure 6) and
computer simulations (SIM) for anthracene-djg. The experimental contours
were best reproduced by using excited-state rotational constants reduced
3/4% from S values and takiang the rotational temperature to be 21 (ag) or
26 K (b1g). )



Figure 10:
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Selective detection study of the S; + 1409 cm'! level in anthracene-9-d;.
The resolved emission (=dispersed fluorescence) spectrum is shown in trace
A. Total detection (i.e., detection of all emission except that absorbed by a
laser cutoff filter) yields the typical rotational band contour B. Detection of
emission to Sg + 390 (£100) cm-! (this interval being labeled 1 in trace A)
gives contour C. Detection in the interval labeled 2 in trace A (Sg + 1499 (
25) cm1) produces contour D.
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ABSTRACT

The data acquisition and data analysis software used to acquire and analyze the data
presented in Volume One are described in exhaustive detail. The software consists of two
independent custom applications, called Data Analysis (version 2) and Data Acquire
(version 13.5), and was developed for use on the Apple Macintosh II platform. The
applications are complete and integrated packages controlling all facets of the user interface,
laboratory equipment interface, plotting, file creation, printing, etc. Extensive use is made
of the Macintosh Toolbox, and the software conforms to the Macintosh User Interface
guidelines. Data Analysis is a general data analysis program, and Data Acquire is for
data acquisition and some data analysis. The programs will be discussed from the point of
view of both the user and the programmer, however particular emphasis is placed on the
programs’ structure and internal operation from a programmer's viewpoint. Included is a

fully worked out example illustrating how to modify the programs.
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CHAPTER 1

INTRODUCTION TO THE
DATA AQUISITION AND DATA ANALYSIS PROGRAMS



1.1 INTRODUCTION

In the present volume of this thesis, the data acquisition and data analysis programs
used to acquire and analyze the data presented in volume one are described in exhaustive
detail. The programs are named Data Analysis (version 2) and Data Acquire
(version 13.5). Data Analysis is a general data analysis program, and Data Acquire
is for data acquisition and some data analysis. In addition to their data analysis and
acquisition features, both programs contain capabilities for generating, editing, plotting,
and printing data files. The programs will be discussed from the point of view of both the
user and the programmer; however, particular emphasis is placed on the programs'
structure and internal operation from a programmer's viewpoint. The discussion is
sufficiently complete so that one may feel secure about making any desired changes or
additions. A list of the source files which comprise the programs, and a complete source
code listing for both programs, are available (Professor Ahmed H. Zewail, California
Insitute of Technology).

The basic structure of Data Analysis and Data Acquire is the same, so much of
the material in this volume is common to both programs. Therefore, in subsequent
chapters, the discussion is often in terms of one program. Details unique to either program
are noted when relevant. The programs were written in the C programming language
(Think C v3, Symantec Corporation), and developed for use on an Apple Macintosh II
computer. Throughout this volume, it is assumed that the reader is familiar with the basic
skills required to use the Macintosh and the Think C environment. Details about Think C
which are important to the programs are given in Reference 1. Both programs make
extensive use of the Macintosh Toolt30x, follow the standard Macintosh guidelines, and
utilize the math coprocessor. Although originally written on a 68020 processor/68881
math-coprocessor based machine, the programs have been used successfully on 68030

processor/68882 math-coprocessor platforms. Early versions of Data Acquire have been



modified for use with the femtosecond apparatus in the Caltech Femtosecond Facility
[2]. The primary differences are that there is little data analysis capability, reduced window
handling capabilities, reduced plotting capabilities, and necessary changes have been made
in the data acquisition schemes as required by the femtosecond apparatus.

The programs are based on the program MiniEdit (provided by Think C).
MiniEdit is a C version of the sample Pascal application in Reference 4. MiniEdit is too
simple to be practical, but it is a very convenient shell to use as a prototype for developing
useful applications. Under MultiFinder, each program receives 512K of RAM unless
otherwise specified by the user. The user can increase the amount of memory allocated by
using the Get Info box. Reducing the amount of allocated memory is not recommended,
but can be done if the amount of memory available is a serious issue.

This volume is intended to serve several important purposes. First, it is the user's
manual for both programs illustrating the use of their various features. Second, it is a
troubleshooting manual for solving commonly encountered problems. Third, the
discussion provides instruction, hints, and warnings about how the programs work
internally. This should be useful since the programs may serve as a basis for programs
used in the future. Fourth, it will provide a foundation for understanding how the
Macintosh Toolbox is used in these programs. Finally, a discussion is given concerning
the issues of portability to other Macintosh platforms and upgrades in the development
environment. As of this writing, Think C v4 is the most recent version. This volume is
not designed to be a manual for learning the C programming language, or for detailed
discussions about how the Macintosh Toolbox is constructed. Excellent references for the
C language [3,4] and for the Macintosp Toolbox [5-8] already exist.

The remainder of this volume is comprised of seven chapters and an appendix. The
necessary system and hardware requirements, as well as the procedures for installing the

IEEE-488 driver software used by the data acquisition NuBus boards, are outlined in



Chapter 2. In Chapter 3, an overview of the programs is given. The various menus and
features are summarized and discussed from a user’s point of view. The internal structure
of the programs is reviewed from a global perspective in Chapter 4, and Chapter 5 provides
more specific descriptions about the source files and libraries. Files are discussed in terms
of their major function in the programs. Chapter 6 documents the procedure for making
changes or additions to the programs. A fully worked out example is given illustrating
how to alter a menu, construct a dialog box, and plot data on the plotting windows.
Troubleshooting procedures are given in Chapter 7. Chapter 8 describes the settings for
the development environment used to write the programs. Finally, the Appendix contains

update notes concerning the data acquisition NuBus boards and associated driver software.



REFERENCES

1. (a) Symantec, Think C User's Manual, version 3 (1988).
(b) Symantec, Think C Standard Libraries Reference, version 3 (1988).

2. M. Dantus, Ph.D. Thesis, California Institute of Technology, to be submitted.

3. B. W. Kernighan and D. M. Ritchie, The C Programming Language, 2"4 Edition
(Prentice-Hall, Englewood Cliffs, 1988).

4, S. G. Kochan, Programming in ANSI C, 2"d Edition (Hayden, Indianapolis,
1988).

5. Apple Computer, Inc., Inside Macintosh, volumes 1-5 (Addison-Wesley, Reading
1988).

6. S. Chernicoff, Macintosh Revealed, volumes 1-3 (Hayden, Indianapolis, 1987-
89).

7. D. Mark and C. Reed, Macintosh Programming Primer (Addison-Wesley,
Reading, 1989).

8. S. Knaster, How to Write Macintosh Software, 2nd Edition (Hayden,

Indianapolis, 1988).



CHAPTER 2

SYSTEM AND HARDWARE REQUIREMENTS



2.1 INTRODUCTION

In this chapter, an outline of the system and hardware requirements is given. Data
Analysis is designed to be independent of any given laboratory. Data Acquire was
written for the laboratory described in this thesis (see Volume one, Chapter three).
Therefore, some of the communication routines, particularly those for RS-232
communication, are unique to a given piece of laboratory equipment. Only the data
analysis aspects of Data Acquire are laboratory independent. Also included in this
chapter are the procedures for installing the needed driver software used by the NuBus data
acquisition boards. The driver software and associated hardware described herein for
IEEE-488 are also pertinent to the femtosecond apparatus [1]. If the reader's hardware is

significantly different, then driver software section may not be applicable.

2.2 SYSTEM AND HARDWARE

The program requires a Macintosh II with a math coprocessor and at least a 12 inch
monitor. It has been run with System 5 and System 6 (up to 6.0.4). The program has
been written to utilize the math coprocessor, and will crash if the coprocessor is absenf. It
is possible to adjust the program, without changing any user written program code, to run
without the math coprocessor. One must change the development environment settings and
make appropriate substitutions for the pertinent C libraries. The procedure is outlined in
Chapter 8.

In addition to the NuBus video card for the monitor, the Macintosh has been
equipped with two NuBus data acquisition boards. The boards are the NB-M10-16H-9
[2a] and the NB-DMA-8-G [2b]. Tt}e NB-DMA-8-G is an IEEE-488 board with Direct
Memory Access (DMA) capability, and is used for data acquisition through the LeCroy
Waveform analyzer or the NB-M10-16H-9. The NB-M10-16H-9 is a multifunction input

and output board, and is presently used as an analog-to-digital converter when acquiring



data through the boxcar averager. In addition, the NB-M10-16H-9 has the National
Instruments Real-Time System Integration (RTSI) bus that transmits control signals to the
NB-DMA-8-G to make high-speed data acquisition operations with DMA possible. Up to
eight differential channels are available on the NB-M10-16H-9, although only one channel
is currently in use. LabDriver software [3a] is used to program the NB-M10-16H-9, and
the board averages the incoming analog signal when triggered from an external source. NI-

488 driver software is used to program the NB-DMA-8-G [3b].

2.3 NI-488 SOFTWARE INSTALLATION

If the system file is replaced or damaged, the NB-DMA-8-G board software
(National Instruments) must be reinstalled and the board reconfigured. This must be done
even if system backups show the NI-488 Init and the NB-DMA-8-G board. There are two
versions of the NI-488 driver software currently in use. Version 1 (August 1988) is being
used by the laboratory described in this thesis, and version 2.3 (1989) is being used by the
femtosecond apparatus [1]. One should note that updates in the driver software may
require the use of specific versions of the Macintosh System (see the Appendix).

Below is given the instruction for installing version 1 of the NI-488 software.
Since both Macintoshes in the Caltech Femtosecond Laser Facility use the same
NB-DMA-8-G board, device and bus numbers for both are given. The installation
procedure is given below. The installation software is on the NI-488 for Macintosh

diskette (hereafter called NI-488) provided by National Instruments.

A) Reboot the Macintosh from the NI-488 diskette.
B) Copy the NI-488 Init to the system folder on the hard disk.
'C) Restart computer from the NI-488 diskette.



D)

E)
F)

G)

H)

D

)

L)

N)
0)

Run the installer from the NI-488 diskette and select the Macintosh II installation
script.

Reboot the Macintosh from the hard disk.

Check the NB Boards control panel init for the NB-DMA-8-G board slot number to
make sure the board is recognized. The check boxes are meaningless.

Disconnect the GPIB connections on the back of the Macintosh. Test the installed
software with the NB-DMA-8-G hardware by running the application NI-488Test
from the NI-488 diskette.

Run IBCONF from the NI1-488 diskette to configure the NB-DMA-8-G board.

For 047A, choose devl from the Devices menu and change the device name to
camctr.

For 047 there are 2 devices. From the Devices menu choose dev7 and change the
device name to boxcar. Then choose dev13 and change the device name to oma.
For 047A use the Buses menu to select bus4 and click the checkbox for camectr.

For 047 use the Buses menu to select bus4 and click the checkboxes for boxcar and
oma.

Quit IBCONF and save the changes made.

Reboot the computer to implement the changes.

The software for version 2.3 is on a disk entitled "NI-488 Distribution Disk for

NB-DMA-8-G, NB-GPIB & GPIB-SE" (National Instruments). The differences between

version 2.3 and previous incarnations is given in the update notes on the distribution disk.

Included in the update notes are instructions for the removal of version 1 from the

Macintosh System file. These notes are reproduced in the Appendix. The major point of

concern is that a single init, NB Handler Init, now replaces both the NI-488 and LabDriver

inits of version 1. At the present level of sophistication for [EEE-488 employed in Data
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Acquire, the driver software update has not required any corresponding updates in the

program code. The installation procedure for version 2.3 is given below. The distribution

diskette is called NI-488.

A)
B)

O
D)

E)

F)

G)

H)

D
)

K)
L)

Reboot the Macintosh from the NI-488 diskette.

Copy the NB Handler Init and NB Boards control panel init to the system folder on
the hard disk.

Reboot the Macintosh from the hard disk.

Check the NB Boards control panel init for the NB-DMA-8-G board slot number to
make sure the board is recognized. The check boxes are meaningless.

Disconnect the GPIB connections on the back of the Macintosh. Test the installed
software with the NB-DMA-8-G hardware by running the application NI-488Test
from the NI1-488 diskette.

Run IBCONF from the NI-488 diskette to configure the NB-DMA-8-G board.

For 047A, choose devl from the Devices menu and change the device name to
camctr. |
For 047 there are 2 devices. From the Devices menu choose dev7 and change the
device name to boxcar. Then choose dev13 and change the device name to oma.
For 047A use the Buses menu to select bus4 and click the checkbox for cametr.

For 047 use the Buses menu to select bus4 and click the checkboxes for boxcar and
oma.

Quit IBCONF and save the changes made.

Reboot the computer to implement the changes.
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Finally, a few additional steps may be required for the Macintosh associated with

the femtosecond apparatus. These steps are relevant to the data acquisition program

parameter files, and often need to be done after a system upgrade, or if a catastrophic

computer crash occurs. Problems are indicated if opening the parameter files give

nonsense or error messages. The corrective procedure, which seems to work regularly, is

given below.

A)
B)
&)

D)

Make sure a copy of the DA param folder is in the System folder.

Run the current version of the Data Acquisition program

Select a parameter file. This may give an error message. Clicking the mouse gets rid
of the error message and opens the parameter window. Fix each of the requested
numbers.

Save the changes to the parameter file. Next time the parameter file is opened, there

should be no problem.
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CHAPTER 3

OVERVIEW OF THE DATA ACQUISITION AND DATA
ANALYSIS PROGRAMS
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3.1 INTRODUCTION

In this chapter, Data Acquire and Data Analysis are described from the user
point of view. Therefore, the focus is on the features available in the programs, and on
what the user must do to use a particular feature. Information about what is happening
with the programs internally via their code is reserved for Chapters 4 through 6. This
chapter is divided into three parts. In Section 3.2, an overview of the programs is given.
The overview discusses the program in the broadest sense. The various menus are
described in Section 3.3. Section 3.4 provides more specific information on special

features of the programs.

3.2 GENERAL OVERVIEW

The program makes extensive use of the Macintosh Toolbox and tries to abide by
the Macintosh interface guidelines whenever possible. Windows are used to display and
list the data, menus list the choices available to the user, dialog boxes are used to enter
necessary parameters, and alert boxes post helpful hints and warnings.

The program initially displays two windows (the Data Window and Plot
Window), but has the capacity for four (Figure 1). All windows are document windows
with zooming capability. The Data Window is used to list the data points of a data file.
The program recognizes unlinked text files and text files linked to CricketGraph or
Excel. The plotting windows (Plot Window and Plot Window Two) display old or
new data in graphical form. The Help Window is used to open a file for viewing, but
not for text editing. If the Help Window is the front window, only the File menu is
active. \

If data acquisition is in progress, the data are plotted on the Plot Window as data
acquisition proceeds. During data acquisition, the new data are not listed in the Data

Window. Data are collected using a boxcar averager, a CAMAC crate based transient
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digitizer, or by reconstructing data from previously saved mass spectra. For boxcar data,
the Plot Window shows the current data scan as a series of dots on the screen. For
multiple scans, the screen also shows the average of all previous scans as a solid line. In
contrast, the Plot Window shows a solid line for each CAMAC data point since, unlike
the boxcar, the crate is multiple-shot averaging over some number of channels (rather than
some number of data points). When using a second boxcar channel, or averaging a second
mass peak through the transient digitizer, those data are displayed in Plot Window Two.
When rebuilding a decay from previously saved mass spectra, the rebuilt data are shown
point by point in both the Plot Window and Plot Window Two.

Several data analysis features are available. This include Fourier transforms,
convolution, NLS fitting, smoothing, selective editing, simple data manipulations, etc. A
more complete list is given in Section 3.3. The data are plotted on the Plot Window as
data analysis proceeds. When fitting or convolving data, the data scatter is displayed in
Plot Window Two.

Except for NLS fitting and NLS convolution, the newly analyzed data can be
viewed without disturbing the original data by using the PREVIEW button. The modified
data are displayed for examination or comparison with the original data. In addition, the
dialog box is redisplayed so that the current analysis parameters can be viewed or changed.
Using the PREVIEW button also allows the user to examine the effects of different types
of data analysis on a data file without having constantly to retrieve the original data. If an
analysis button is pressed, e.g., CONVOLVE in the Convolution dialog box, then the
modified data will replace the raw data. In this case, the dialog box is not redisplayed. The
modified data can then be analyzed further or saved to a file through the Collection menu.
In the cases of NLS fitting and NLS ;:onvoluﬁon, a PREVIEW button is not used since
the respective dialog boxes cover the screen. In the case of the NLS routines, the fits can

be directly saved to a file by using the SAVE FIT button.
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3.3 MENU SUMMARY
3.3.1 APPLE

The Apple menu is the standard one described in Reference 1. Choosing About
Data Acquire or About Data Analysis in the Apple menu gives an entertaining display
showing the program name and version number (e.g., Figure 2). Choosing Program
Help brings up a file-opening dialog box so that files can be opened to the Help
Window.

3.3.2 FILE and EDIT

The File and Edit menus are the standard ones described in Reference 1.
However, it must be kept in mind that the File menu items New, Close, Save, Save
As and Revert operate only on the Data Window. Data files displayed on the Plot
Window should be saved through the Collection menu (Section 3.3.4). All Edit menu

items operate on the Data Window only.

2.3.3 COMMUNICATIONS (Data Acquire)

This menu brings up dialog boxes that are used to set the laboratory equipment data
acquisition parameters. Choose Unidex Port for the optical delay line, Boxcar Port
for the analog-to-digital board which digitizes the incoming boxcar signal, LeCroy Port
for the CAMAC crate-based waveform analyzer, or Spex CD2A for the Spex 1870C
monochromator Compudrive. The allowed values for an instrument's parameters are given
in its dialog box. The delay line dialog box can be used to set the delay line position
independent of data acquisition. Additionally, some auxiliary scan parameters (e.g., the
number of data points per scan, the nl;mber of scans, etc.) may be present in more than one

dialog box. More details about the dialog boxes are given in Section 3.4.1.
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As of this writing, both IEEE-488 and RS-232 commands are used. The boxcar
utilizes routines from National Instruments LabDriver, version 1. The IEEE-488 interface
installed in the Macintosh system file is also from National Instruments (NI-488, version

1). The Unidex driver and Spex CD2A Compudrive are powered using RS-232.

2.3.4 COLLECTION

This menu is divided into several groups of options. The first group (Start and
Pause) starts, stops, and pauses data acquisition (Section 3.4.3). The second group
(DYE LASER 1 AC,DYE LASER 2 AC, E-Impact, Probe Spectrum, Pump
Spectrum, MPI, and X Correlation), relevant only to Data Acquire, is a set of labels
to identify the type of data in a file. To activate a label, choose its menu item. Only one
label may be active at a time. The active label is automatically included in the default
filename when a new data file is saved. The third group (Run Boxcar, Run CAMAC,
Build CAMAC Decay) identifies the source of the data, i.e., the CAMAC crate, the
Boxcar, or previously saved mass spectra. The menu item chosen identifies which data
acquisition routines are to be used. See Section 3.4.7 for notes about the item Build
CAMAC Decay. Finally, the last group (Save Data (Text), Save Data
(CricketGraph), Save Data (Excel)) can be used to save a new data file. Files are
saved as tab-delimited text, which may be unlinked or linked to CricketGraph, or Excel
(see Chapter 4). The saved file is put into the folder determined by the Macintosh
Hierarchical File System. Note that the File menu operates on the Data Window, not on
the Plot Window.

To prevent the loss of data du{ing data acquisition because of computer crashes or
laboratory equipment failure, the most current averaged data file is automatically saved in
text format (see Chapter 4) after every scan. The filename for Plot Window data is Most

Current Scan. If Plot Window Two is in use, its contents are saved as Most
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Current Scan Two. If multiplexing mass spectra, the filename is user specified. Saving
every intermediate file means that only the current scan is lost in the event of a catastrophic

crash. The files are created in the same folder that the application is in.

3.3.5 FITTING
Data fitting is done via the hierarchical NLS Convolve (Data Analysis only),
NLS Fit and Convolve menus. The menus allow for least-squares fitting of data to the

chosen function, or convolution of data with a chosen response function (Section 3.4.4).

3.3.6 DISPLAY

The menu item Selective Plot is used to expand a portion of a data file for display
on the Plot Window. The data range to be expanded is chosen by using the mouse. The
program automatically rescales the axes based on the selected data range. The menu item
Selective Edit (Data Analysis only) is used to edit the data file displayed on the Plot
Window (Section 3.4.2).

3.3.7 TRANSFORM

The Transform menu provides capabilities for simple data manipulation.
Smoothing of data is done by choosing Smooth. Change Data By Constant allows
for multiplication/addition of the X or Y data values by a constant. Change Data By
Function allows for transformation of of the X or Y data values by simple functions.
Whether changed by a constant or by a function, the X and Y data pairs remain associated.
Fourier Transform permits a tirrge-to-frequcncy Fourier transform, and Fourier
Parameters displays the dialog box used to set the Fourier transform parameters

(resolution and data windowing, Section 3.4.5).
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3.3.8 FUNCTIONS (Data Analysis)

This menu is used to generate simple functions. The menu item chosen
corresponds to the type of function generated. When a menu item is selected, a dialog box
(Figure 3) is used to specify the function parameters, start position, step size, and number

of points. The functional forms are given in Table 1.

3.3.9 WINDOWS

This menu lists all visible windows on the screen. The active window menu item is
checked. When a window is opened, its name is appended to the end of the menu. If a
window is closed, its menu item is removed from the menu. Choosing a window menu
item brings that window to the front. The menu is continuously updated when the user

clicks on various windows.

3.4 USE OF SPECIAL FEATURES
3.4.1 Communication Menu Dialog Boxes (Data Acquire)

In this section, a more detailed description is given for the settings of the various
communication dialog boxes. Communication with the delay line and Spex CD2A
Compudrive is done via RS-232 through the modem port. IEEE-488 is used for
communication with the LeCroy CAMAC controller. The figures that will be presented
attempt to show as many of the dialog box items as possible. However, the reader should
note that not all of the items will necessarily be visible at the same time. The dialog box
items that are displayed will depend on the mode of data taking employed. Most dialog
items are self-explanatory, so this section will focus on items of special interest. Note that
the initial default values for the varic;us dialog items are defined in the source file Data

Acquisition.c.
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3.4.1.1 The Unidex Dialog Box

The delay line may be moved regardless of the status of data acquisition. The delay
line dialog box is shown in Figure 4. To initiate movement of the delay line from a new or
current start position without acquiring data, press the New Start Position/Set Up For
Manual Move button. The delay line cycles once to the current Start Position, and
redisplays the dialog box (with dialog items for manual movement visible). Single
increments (up to 128) from the current Start Position are made by clicking the button
Increment Unidex. The dialog box displays the number of manual increments made,
and the position of the delay line (in steps) from the current Start Position. Another set of
increments using the same Start Position is made by pressing the Repeat Increment
Cycle button, and then pressing the Increment Unidex button. As long as the delay line
is in manual mode, the dialog box always reappears after the delay line has finished
moving. Note that the Repeat Increment Cycle or New Start Position/Set Up
For Manual Move buttons reset the increment and step counters to zero. To terminate the
manual incrementation, click the OK or CANCEL buttons.

Because of the way the delay line routines are written, the delay line routines are
called in the same order as if one were taking data. This means that whenever a set of
increments are started from a new start position, the delay line must first cycle once back to
home to be properly initialized for the increment routine.

The delay line position, from the current Start Position, equals the increment
number times steps/data point. If steps/data point changes while a set of increments is in
progress, the delay line will move forward by a large amount (increasing steps/data point)
or may move backwards (decreasing s}eps/dam point). For example, consider 4 increments
starting with steps/data point equal to 10,000. The first increment moves the delay line by
10,000, and the second increment positions the delay line at 20,000. If the steps/data point
is now increased to 20,000, the third increment positions the delay line at 60,000. If the
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steps/data point is now put back to 10,000, the fourth step moves the delay line backwards
to 40,000.

3.4.1.2 The CAMAC Crate Dialog Box

The CAMAC crate dialog box is shown in Figure 5. Normally the values for the
Pretrigger Size (set to 0), Slot # (set to 7), Offset (set to 0), or Data
Accumulation Type (set to SUM) need not be changed. The Slot # refers to the slot
number of the 100 MHz transient digitizer (LeCroy 8818A) in the CAMAC crate, not to a
slot in the Macintosh. The setting for the Memory Size (default setting of 32K) has been
changed in the past, but the 32K setting is normally adequate. The settings for the
parameters labelled as Sampling Period and Record Length to Average define
which portion of the mass spectrum is displayed on the Plot Window.

The CAMAC crate dialog box can be configured in 3 modes. First, the total mass
spectrum (defined by the Sampling Period and Record Length to Average) may be
collected. This is the default setting. When taking a total mass spectrum, make sure that
the Delay Line, AutoStore mode, and Average a Mass checkboxes are ‘all
unchecked. Second, single mass peaks may be averaged in a manner analogous to using
the boxcar. Collect single mass peaks if only a specific part of the total mass spectrum is of
interest. Third, the total mass spectra may be collected and automatically saved for future
analysis. The latter two modes are often used in conjunction with the optical delay line (see
Volume 1, Chapter 3, Section 3.4.3) for obtaining pump-probe transients. If the Delay
Line checkbox is on, the delay line moves in between taking mass spectra according to the
parameters in the Unidex dialog box (Section 3.4.1.1). To collect a single mass peak,
make sure that the Average a Ma;s checkbox is checked. If the Average a Mass
checkbox is unchecked, then the total mass spectrum will be collected.
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To set up for a single mass collection, check the Average a Mass and Delay
Line checkboxes. When the Average a Mass checkbox is checked, the SELECT
CHANNELS TO AVERAGE button appears. Clicking the SELECT CHANNELS
TO AVERAGE button brings up a dialog box titled Select CAMAC Channels
(Figure 6). The Select CAMAC Channels dialog box is used to specify the peak
position, in microseconds, of the mass peak to be averaged, the width about the peak
position, and the first point of the 10 point background. The peak position of the desired
mass, the x-axis value of the peak when acquiring total mass spectra, is entered as the value
for Mass Peak. The 10 points used for the background calculation start with the input
value plus the next 9 points. Although 4 channels are indicated, only 1 channel is presently
active. Press the OK button to return to the CAMAC crate dialog box.

To save mass spectra automatically in order to build decays later, the AutoStore
mode and the Delay Line checkboxes must be checked. When the AutoStore mode
checkbox is on, the acquired mass spectra are automatically saved as separate files before
going on to the next mass spectra. When data acquisition is started, a standard dialog box
for opening files appears requesting the user to specify the global filename (see Chapter 3)
to use when saving the mass spectra (Figure 7). If no global filename is provided, then
Most Current Scan is used by default. Press SAVE or CANCEL to continue data
acquisition. On the first scan, the acquired mass spectra are shown on the Plot Window,
and the spectra are saved using the global filename provided. On each successive scan the
program reopens the previous mass spectra file for the given delay line position, averages
the new mass spectra with the old mass spectra , and then saves the newly averaged mass
spectra under the same filename. 'I'he‘previously averaged mass spectra are lost. The mass
spectra for the current scan is shown in the Plot Window, and the averaged mass spectra

is displayed in Plot Window Two.
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3.4.1.3 The Boxcar Dialog Box

The boxcar dialog box, shown in Figure 8, is the simplest of the 4 communication
dialog boxes. It is used to set up the parameters for the analog-to-digital board (National
Instruments NB-M10-16H-9). This board digitizes the incoming signal from the boxcar.
The dialog box has a total capacity for 4 channels. All 4 channels are active with respect to
the analog-to-digital board, but only channels 1 and 2 are fully integrated with the rest of
the program. Note that the Gain value is limited to 1,2,4, or 8 for each active channel, and
is normally set at 1. Data can be taken while scanning either the delay line or the Spex
1870C monochromator. The monochromator is controlled by a Spex CD2A Compudrive
(Section 3.4.1.4), and the delay line is controlled by a Unidex 1 programmable driver
(Section 3.4.1.1). Additionally, the dialog box may be used to set auxiliary scan
parameters. These parameters are the number of data points per scan, the number of scans,

and the question of whether to scan the delay line or monochromator.

3.4.14 The Spex CD2A Dialog Box

The Spex CD2A dialog box (Figure 9) is used to set the scan parameters for the
Spex CD2A Compudrive. The CD2A controls the Spex 1870C monochromator. The
dialog box has been written to allow the monochromator to be scanned continuously or in
increments. However, in order to synchronize the monochromator with data acquisition,
one must scan the monochromator in increments.

The dialog items for the CD2A are as follows. Start Position is the beginning
wavelength of the scan. Number of Scans is the number of wavelength scans desired.
Scanning Mode determines whethcr‘ the monochromator is to be scanned continuously,
or in increments. Increment is the wavelength step size when scanning in burst mode,
and Dwell Time is the time to wait between individual increments. Rate indicates the

scan speed if scanning in a continuous mode. Scan Delay is the time to wait between
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individual scans. CD2A Remote (not active) is for automatic RS-232 configuration,
Note that the maximum end wavelength capability for the CD2A is 6500A.

Computer control of the Spex during data acquisition is handled as follows. The
CD2A sends back messages when it has finished moving to a particular wavelength. The
program waits for these messages before averaging data. However, the CD2A RS-232
command list does not allow one to make the CD2A wait for any reply from the Macintosh
before continuing to the next wavelength position [1]. The CD2A moves independently of
the Macintosh until it completes the requested number of scans, or is sent a stop command
by the user stopping the scan. If the scan command is sent again, the CD2A starts
scanning at the beginning of the first scan. As a result, no ability to pause in the middle of
a scan exists. Thus the pause option in the Collection menu is turned off. The Dwell
Time is used to hold the CD2A at the desired wavelength while data acquisition is in
progress. Typically, the Dwell Time is set to the time required to average a data point
plus at least two seconds. The extra two seconds give the program time to plot the data,
update everything and get ready for the next data point.

Finally, the CD2A is configured as follows for two-way RS-232 communication.
First, the CD2A configuration parameter number 21 must be set manually to 1010. This
parameter also specifies the structure of messages sent by the CD2A to the Macintosh.
Second, the Remote key on the CD2A keyboard is pressed. If no error messages occur,
then configuration for RS-232 is complete. Although provisions have been made in the
dialog box to support automatic configuration for RS-232, the CD2A does not currently
support that option. Furthermore, for some reason the CD2A RS-232 baud rate, parity,
and number of character bits cannot be changed. Thus, just before data acquisition begins,
the program sets the RS-232 parameters of the Macintosh serial drivers to match the CD2A.
Procedures for examining and setting configuration parameters are given in the Spex CD2A

manual.
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3.4.2 Selective Plotting

Selective plotting is done by choosing Selective Plot or Selective Edit (Data
Analysis only) from the Display menu. Selective Plot allows the user to expand
selectively a chosen part of a data file, which is displayed on either plotting window. The
selected data are replotted and rescaled automatically. Selective Plot is also available
through the NLS Fit menu, and enables the user to fit different portions of a data file.
Selective Edit allows for editing of data files displayed on the Plot Window only.

When Selective Plot is chosen, the program waits for the user to select a data
range with the mouse. Press the mouse button at the starting X-value, drag the mouse in
the positive X direction to the end X-value, and release the mouse button. During the
dragging process the data range being selected will be shaded. Once the range is selected,
the Plot Window is redrawn, and control returned to the main event loop. To select
another data range for the same data file, select Selective Plot again. The Plot Window
redisplays the entire data file so that the new data range can be selected.

The routine used by Selective Plot is not dependent on the data source. A
variable called NumOfPlotPts has been defined, and is set equal to the length of an
individual data scan or data file. For the boxcar, NumOfPlotPts = number of data
points, whereas for the CAMAC, NumOfPlotPts = record length-10 (the first 10
CAMAC channels are ignored). NumOfPlotPts is not used for files fit through the NLS
Fit menu. In the NLS Fit menu, the number of data points in the file is used.

If Selective Edit is chosen, the user is asked to specify the start and end X-
values for the X-axis (Figure 10). If the entered X-value is not an actual X-value, then the
entered value is rounded off to the nearest actual X-value. The start value is always less
than or equal to the end value. If the values are entered in reverse order, they are
automatically turned around. If the entered values are outside the actual range of X-values,

the values are set to the first or last X-value of the file. Clicking the REPLOT button plots
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the selected range of data on the Plot Window. Click the SAVE button to save the
newly edited data file. Like Selective Plot, Selective Edit first displays the entire data

file on the Plot Window to facilitate data range selection.

3.4.3 Data Acquisition Control

Depending on how data is being acquired, the X and Y axes on the plotting
windows have different meanings. Table 2 summarizes the axis units with respect to the
type of data being taken.

A data scan can be interrupted when the program makes a pass through the main
event loop. In this program, a pass through the main event loop is made after every data
point. This is preferable to making a pass after an individual scan is finished. Since a data
point is taken every few hundred laser shots at 100 Hz, it could be a long wait until a scan
is finished. If data were taken at a faster rate (e.g., a data point every 3 laser shots at 20
Hz), then one may consider passing through the main event loop after every scan to avoid
being limited by the time needed to traverse the event loop.

Data acquisition is controlled using the first two items in the Collection menu.
The first item starts and stops data acquisition. It is called Start prior to data acquisition,
and Stop during data acquisition. The second item pauses or resumes data acquisition. It
is called Pause during data acquisition, and Continue when data acquisition is paused.
Start Data acquisition by choosing Start. Choose Stop to stop data acquisition, or Pause
to pause data acquisition. The menu items are accessed through either the keyboard or the
mouse. The keyboard commands are % -G (Start/Stop) and % -H (Pause/Continue).
To select a menu item with the mouse, put the cursor on the menu bar and hold the mouse
button down until the Collection £ncnu appears. For either #-G or % -H, the data
acquisition status flags and menu item names are adjusted, the Macintosh serial drivers

opened or closed as necessary, and control is returned to the main event loop. Avoid any
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other commands during data acquisition, since other commands have no regard for the
status of external equipment.

The effects of Stop and Pause on data acquisition are as follows. If the boxcar is
being used, Stop results in the current scan being lost. When using the CAMAC crate,
data acquisition stops as soon as the crate is finished with the current data point. If Pause
is chosen, the current scan stops after taking the current data point. Choose Continue to
resume data acquisition with the next data point. However, see the discussion on the Spex
CD2A dialog box (Section 3.4.1.4) for the one exception regarding the use of Pause. If
the user decides to stop after pausing, Stop should be chosen. Two other cases of data
acquisition are important, and for both cases data acquisition control is equivalent to using
the boxcar. Case one is when the CAMAC crate is used to monitor a single mass peak.
Case two is when a decay is rebuilt from previously saved mass spectra.

The number of data points per scan, represented by the variable NumOfDataPts,
is set in the boxcar dialog box. If a previously saved data file has been opened to the Plot
Window, check the value of NumOfDataPts before taking another data scan. When a
saved data file is opened, NumOfDataPts is always set to the number of data points in
that data file.

One other important experimental parameter is the time delay between successive
scans when acquiring data through the boxcar. The time delay (in seconds) is set through a
dialog box, which appears immediately after 38-G is chosen. The default value is 1 second
(Figure 11). In the pump-probe experiment, the signal at the end of a scan is often quite
different than it is at the beginning of a scan. The time delay should be sufficiently long to
prevent data early in a scan from being biased by data late in a scan. Note that regardless of
how data are acquired, the dialog box requests confirmation to start data acquisition.

Under special circumstances the user may pause data acquisition after completing a

scan, open a previously saved file, and resume data acquisition with the next scan without



28

having to start from scratch. To resume with the next scan, be sure to reopen the file Most
Current Scan just before continuing data acquisition. This luxury exists when using
only one boxcar channel or when using the CAMAC crate to monitor one mass peak, and is
due to the way memory for data files is allocated. It does not exist for data using Plot

Window Two (Section 3.4.6).

3.4.4 Fitting and Convolution

The nonlinear least-squares fitting and convolution are driven from the NLS Fit,
Convolve, and NLS Convolve menus. The least-squares fitting and convolution
routines are taken from Reference 8. The nonlinear least-squares routines are based on
Marquardt's algorithm (Section 3.4.4.1). Convolution is done in one of two ways. The
Convolve menu uses the fast Fourier transform (Section 3.4.4.2), and the NLS
Convolve menu uses numerical integration coupled with Marquardt's algorithm to do a

nonlinear least-squares fit of the convolution data (Section 3.4.4.3). Any preparation of

data files must be done beforehand.

3.4.4.1 Nonlinear Least Squares Fitting

The NLS Fit menu functions correspond to the functional forms to which the data
will be fit. If the Convolve menu item Convolve A File is chosen, then the file that is
currently opened to the Plot Window will be convolved with a chosen response function.
If one of the functions in the Convolve menu is chosen, then that function will be
convolved with a chosen response function. The convolution routines have been tested for
data files up to 256 points, but the ultir~natc size of a data file is limited by the RAM.

NLS fitting options are set through the NLS Fit dialog box (Figure 12). The user
may fit all or part of a data file, show all or part of a data file while fitting, show the scatter

of the data about the fit (raw data minus the fit), and regulate the step size that the fitting
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routine takes as it searches for the minimum. If the Fit Entire File check box is
checked, the entire data file is fit. If it is unchecked, the program waits for the user to
select what part of the data file to fit. Until the Fit Entire File box is rechecked, the
routine will continue to fit the last selected data range. Section 3.4.2 explains how to select
a portion of a data file. If only a portion of a data file is being fit, the fit may be displayed
in two ways. The user may display the fit and the entire data file, or just show the fit and
the portion of the data file being fit. The Marquardt Parameter and its multiplier regulate the
fitting routine step size. The larger the multiplier, the smaller the step size. The default
values are those given in Reference 2.

The Fit dialog box has four buttons: FIT DATA, SAVE FIT, RESET, and
CANCEL. The CANCEL button behaves as usual. The FIT DATA button starts the
fitting routine, given an initial guess for the fitting parameters, for the range of data
selected. The RESET button reinitializes the fitting routine back to square one. To fita
new data range (but not the whole file) to the current function, it is easiest to press the
RESET button and then select the new data range. Otherwise the Fit Entire File box
must be rechecked, the whole data file refit, the desired fitting function chosen, and then
the new data range reselected. The SAVE button saves the current fit, and displays the
current selected data range of a file plus the current fit on the Plot Window.

In the NLS Fit dialog box, the check boxes next to the parameter boxes allow the
user to freeze the value of a parameter (box unchecked). Table 1 shows the mathematical
form for each fitting function. The initial guesses of the parameters are based on the data
file and are most accurate for Gaussian, Lorentzian, Hyperbolic secant squared, and line
functions. For the exponential step function, only the baseline is considered known. The
other three variables are assigned arbi;mry values. The single exponential function is more
difficult, especially when there are zero or negative data points. The initial guesses are

made using a logarithmic transform. If the file has data points that are zero or negative, the
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initial guesses for a single exponential fit must be entered manually. Fit the data by
unchecking the Fit Entire File checkbox and select the entire data file. The double
exponential is even more difficult. Only parameters A1, A4, and A6 are estimated, and
their reliability is uncertain. Parameters A2, A3, and AS are assigned an arbitrary value.
The best way to fit a double exponential is to fit different parts of the file to lines and single
exponentials first to better estimate the fitting parameters.

When fitting a selected portion of a file, the initial guesses are recalculated on the
basis of the selected data range. The new initial guesses are not displayed. For the bell
shaped functions (Gaussian, Lorentzian, and Hyperbolic secant squared), the guesses are
calculated in the same manner as for the entire data file. In the case of the exponential step
and double exponential, it is not clear how one would calculate good initial guesses.
Therefore, the new values are simply the ones entered by the user. Calculations for a
single exponential are straightforward, but there is a problem with the recalculated initial
guesses if any data is zero or negative. Since a logarithmic transform is impossible for zero
or negative data, the program finds the most negative value in the data range and then adds
that value + 0.075 to every point to make the whole file positive. The value 0.075 ensures
that the log transform is sufficiently small for a stable fit. Then, using the shifted data file,
the fit parameters are estimated and the fit calculated. The data are shifted back to the
original values, and everything is plotted on the Plot Window. Since the fit parameters
are estimated by making a logarithmic transformation on the exponential, shifting the data
introduces errors in calculating good initial guesses. Thus the first fit for shifted data is
rarely adequate.

There is a final point regarding the fitting routine. If the routine hits a singularity
because of a bad initial guess, then a dialog box appears (Figure 13). The dialog box gives
the user three options: Continue fitting, terminate fitting, or terminate the program. In

practice, the program does not have to be aborted unless the error is in memory allocation.
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The user may continue NLS fitting (even though the results are erroneous), or terminate
fitting and try a new set of initial guesses. Since the fitting method is sensitive to the input

parameters, getting the dialog box is not uncommeon.

3.4.4.2 Convolution

When a particular function in the Convolve menu is chosen, the function is
convolved with a response function (Gaussian, Lorentzian, or Hyperbolic secant squared)
to simulate the data file. The Convolve A File option convolves, but does not simulate,
an existing data file with a chosen response function. Thus, functions whose forms are not
explicitly listed in the Convolve menu can be convolved.

The operational difference between the two convolution options is simple.
Convolving to a function assumes that one is trying to reproduce a data file as the
convolution of a response function with one of the functions listed in the Convolve
menu. The convolution dialog box allows the user to vary all the function parameters, and
the FWHM of the response function. When convolving, the program generates the
function selected (given the given parameters) and convolves the generated function with
the chosen response function. The quality of the fit is judged by the value of the chi-square
between the real and simulated data. Like the NLS Fit dialog box, the user can also
display the data scatter (raw data minus convolved data). In contrast, Convolve A File
assumes that the user wants to convolve the data file itself with a response function. Thus,
the only variable parameters are the FWHM of the response function and the baseline of the
data file.

Regardless of the convolution option, the convolution routine displays the
convolution dialog box (Figure 14). \Unlike NLS fitting, initial guesses for the function
parameters must be provided by the user. To examine the convolved data, but not override

the original data, use the the PREVIEW button. If a function listed in the menu is being
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convolved, both the original data and convolved data are drawn onto the Plot Window.
When Convolve A File is chosen, only the convolved file is displayed. The dialog box
is redisplayed after plotting is finished. The chi-square between the convolution file and
the real data file is calculated and shown in the dialog box, and the type of fitting function
and response function convolved is indicated on the Plot Window. Pressing the
CONVOLVE button performs the same convolution as the PREVIEW button, but
replaces the original data by the new data. The new data are plotted, but the dialog box is
not redisplayed. Pressing the CANCEL button will dismiss the dialog box.

3.4.4.3 Nonlinear Least Squares Convolution

When a function in the NLS Convolve menu is chosen, the function is convolved
with a response function (Gaussian, Lorentzian, or Hyperbolic secant squared) and fit to
the experimental data using the nonlinear least-squares (NLS) fitting method described in
Section 3.4.4.1. Thus the visual operation of NLS convolution is very similar to that of
NLS fitting. Choosing an item in the NLS Convolve menu brings up the dialog box
shown in Figure 15. Pressing the Convolve button initiates the NLS convolution
procedure. The dialog box is redisplayed when the the calculation is finished. The chi-
square between the convolved file and the real data file is calculated and displayed, along
with the current best-fit parameters, in the dialog box. Both the real data and convolved
data are drawn onto the Plot Window. Like the NLS Fit dialog box, the user can also
display the data scatter (raw data minus convolved data). Pressing either the SAVE or
CANCEL button dismisses the dialog box. If SAVE is pressed, then the convolved file
can be saved. The CANCEL button functions as usual. Currently, all options present in
NLS fitting are available for NLS convolution.

There is a critical difference between NLS fitting and NLS convolution. The values

of the convolved function and its derivatives are calculated by numerical integration in NLS
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convolution. In NLS fitting, the function and its derivatives are calculated analytically.
Analytical expressions could be used for NLS convolution, but the expressions are very
cumbersome. The additional calculations required by using numerical integration mean that
the time required for the overall calculation is significantly longer than for NLS fitting
alone. Therefore, during every fitting cycle, the convolved data is plotted as each point is
calculated. After each cycle, the current best-fit is drawn through the raw data on the Plot
Window. In this sense, NLS convolution mimics data acquisition.

Like the NLS fitting routine, a dialog box (Figure 13) appears if an error occurs
because of a bad initial guess. In addition, the same dialog box appears if the mouse button
is depressed during NLS convolution. Thus, the mouse button serves to pause the

program. This feature should be useful since the NLS convolution calculations could take

some time to complete.

3.4.5 Data Manipuiation

Simple data manipulation is done using the Transform menu. The user can
smooth data files, add or multiply constants to a data file's X and Y values, take a time-to-
frequency Fourier transform, and set the parameters (resolution and type of data window)
for the Fourier transform. All of the functions used to smooth data and take the Fourier
transform are taken from Reference 2.

As mentioned in Section 3.2, analyzed data can be previewed using the
PREVIEW button. This option is available for data smoothing, changing data values, and
for Fourier Transforms. Previewing the data allows the user to see the analyzed data
without losing the original data. T‘he relevant dialog box reappears after plotting is
completed to allow the user to examine the current analysis parameters, or to observe the
effects of different parameter values easily. The PREVIEW button also allows the user to

examine the results of different types of data analysis on a data file without having to
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retrieve the original data. If an analysis button is pressed, e.g., SMOOTH in the Smooth
dialog box, then the modified data replaces the raw data. In this case, the dialog box is not
redisplayed. The modified data can then be analyzed further or saved to a file through the
Collection menu.

Data smoothing and changing data values are straightforward. For smoothing, the
size of the smoothing window is set using a dialog box (Figure 16). If the smoothed data
are previewed, then both the smoothed data and original data are plotted. Data values can
be changed either by a constant (Figure 17) or by a function (Figure 18). In either case, the
desired parameters are set in the appropriate dialog box. Pressing the CANCEL button
will dismiss the dialog box.

The Fourier transform is set up in two ways, and both cases involve the input of
real data. Both methods are in the Fourier transform dialog box (Figure 19). The first
method (called Total transform) uses the routine entitled four1() [2]. The method can
handle complex numbers, but the imaginary parts are set to zero. The real or imaginary
components of the positive frequencies, the transform magnitude, or the phase angle can be
displayed. The zero and Nyquist frequencies are not plotted, as they would dominate the
plot. The second method (called Real frequency FT) uses the routine realft() [2], and can
handle only real numbers. In this case, the real data is split into two parts. One of the real
parts is used as a pseudo imaginary component of the data. The actual frequencies are
extracted after performing additional operations on the transformed data [2].

The parameters for the Fourier transform are set by choosing the menu item
Fourier Parameters. A dialog box (Figure 20) appears, giving the user various options.
To reduce leakage problems in the Fourier transform, the data may be windowed. The
program defaults to a square window (equivalent to no windowing) upon startup. The

other three alternatives are a Hanning, Parzen, or Welch window [2]. The transform
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resolution is defined by the extent of zero padding. The zero padding parameter is also

used for the convolution routines, since convolution utilizes the Fourier transform.

3.4.6 Using the Second Plot Window

Plot Window Two is used for both data acquisition and data analysis. It
displays newly acquired data, or the scatter between a fit and raw data. Due to the way data
is kept in RAM, no data analysis on Plot Window Two data is allowed. Except for the
Display menu, all data analysis routines require that Plot Window Two be closed. In
order to use the data analysis routines on Plot Window Two data, the data must be
saved through the Collection menu and reopened to the Plot Window. This prevents

any inadvertent loss of data.

3.4.7 Reconstructing Transients from Mass Spectra

Pump-probe transients can be reconstructed from previously saved mass spectra.
All the previous mass spectra must possess the same number of data points. The saved
mass spectra must have a filename of a definite form (see Chapter 3) |

To set up the parameters for reconstructing decays, choose the Collection menu
item BUILD CAMAC DECAY. When the menu item is chosen, the Reconstruct
CAMAC Decay dialog box appears (Figure 21). The Start Position value is the delay
line position, in millimeters from the zero, for the first mass spectrum file. Increment
per file is equal to the increment taken by the delay line when the mass spectra were
originally acquired. Number of data points/file is the length of the mass spectra files
in data points. Number of files is the total number of mass spectrum files to be used
for the reconstruction process. The di‘alog box permits two decays to be reconstructed at a
time. The peak position values for the mass peaks of interest are given in microseconds

(the x-axis value), and a single peak width and background are used for both peaks. The
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background is calculated using the input point plus the next 9 points. The BUILD
DECAY button saves the parameters, and the CANCEL button aborts the reconstruction
procedure.

If the BUILD DECAY button is chosen, a standard dialog box for opening files
appears requesting the global filename (see Chapter 3) to be used (Figure 22). Choose
either the SAVE or the CANCEL button to dismiss the dialog box. If SAVE is pressed,
then the program is ready to reconstruct decays. Like the Reconstruct CAMAC Decay
dialog, choosing the CANCEL button aborts the reconstruction procedure.

The reconstruction process is initiated in the same way as an ordinary data
acquisition scan. Simply choose #-G. The decay corresponding to the value input for
mass peak one (data point one in the Reconstruct CAMAC Decay dialog) appears in
the Plot Window. Plot Window Two displays the decay for mass peak two (data
point two in the Reconstruct CAMAC Decay dialog). The reconstruction routines
respond to 3% -G and 3 -H as if data acquisition were in progress (Section 3.4.3). To
reconstruct another set of transients, simply repeat the procedure starting with the

Collection menu item BUILD CAMAC DECAY.

3.4.8 Saving Data to Files
Data on either the Plot Window or Plot Window Two can be saved using the
Collection menu. Files can be created that are unlinked, linked to Excel, or linked to

CricketGraph. The data on the active window are saved.
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TABLE 1
EUNCTIONAL FORMS

Gaussian
y = A1 * exp[-((x-A2)/A3)2] + A4

FWHM = 2 * VIn(2) * A3

Lorentzian

y = A1 * [1+((x-A2)/A3)21"L + A4
FWHM = 2 * A3

Hyperbolic Secant Squared

2
y = A1 * {2/(exp[((x-A2)/A3)] + exp[-((x-A2)/A3)])} + A4
FWHM = 1.7627 * A3

Single Exponential
y = A1 * exp[-((x-A2)/A3)] + A4

Double Exponential
y = A1 * {exp[-((x-A4)/A2)] + A5 * exp[-((x-A4)/A3)]} + A6

Exponential Step
y = A1 = [l-exp((x-A2)/A3)] + Aq for ((x-A2)/A3) < 0
y = A4 for ((x-A2)/A3)20

Line
y = A1X + A2



Mode

Boxcar
(delay line)

Boxcar
(Spex CD2A)

CAMAC

Reconstruct**
CAMAC
Decay

CAMACH**
Decay
(Single Mass)
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X_axis
Unidex units*

(microns)

wavelength
(Angstroms)

microseconds
Unidex units

(millimeters)

Unidex units
(microns)

*A Unidex unit equals 1 micron per step

Y axis

volts

volts

counts

counts/1000

counts

**Building a decay from previously saved mass spectra

***Building decay by averaging over a single mass with the CAMAC crate
based transient digitizer



FIGURE CAPTIONS

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure §:

Figure 6:

Figure 7:

Figure 8:

Figure 9:

Figure 10:

The Data Analysis application when it is launched from the Finder
desktop. The plotted data file is arbitrary, and is used to make all menus
active. The display for Data Acquire is very similar, except that the
Functions menu is deleted and replaced by the Communications menu.

The credits display for Data Analysis. The display for the Data
Acquire is analogous. Note that the actual display consists of white text
on a black background. The white and black colors have been inverted for
the sake of clarity.

The dialog box for generating functions using the Functions menu. In
this case, the function being generated is a Gaussian. The functional forms
are given in Table 1.

The dialog box used to enter the parameters for communication with the
Aerotech Unidex 1 controller. The controller regulates the movement of the
Aerotech delay line. The delay line can be moved independent of data
acquisition.

The dialog box used to enter the parameters for communication with the
LeCroy CAMAC crate 6010 Magic controller. The CAMAC crate may be
used to obtain total mass spectra or to perform single mass peak averaging.
Additionally, one may use the dialog box to set the number of scans.

The dialog box for setting the parameters for averaging single mass peaks
using the LeCroy CAMAC crate. The parameters identify the number of
peaks to be averaged, their mass spectrum positions, the peak width to be
averaged, and the place to start calculating the signal background.

The dialog box for entering the global filename to be used when
automatically saving total mass spectra for future use.

The dialog box used to enter the parameters for the National Instruments
NB-M10-16H-9 analog-to-digital board. The board digitizes the analog
signal coming from the EG&G boxcar. Data through the boxcar are taken
while scanning either the delay line or the Spex 1870C monochromator.
Additionally, the dialog box may be used to set auxiliary scan parameters.
These parameters are the number of data points per scan, the number of
scans, and the question of whether to scan the delay line or monochromator.

The dialog box used to set the parameters for communication with the Spex
CD2A Compudrive. The CD2A controls the Spex 1870C monochromator.
Currently, the CD2A must be configured manually for the correct two-way
RS-232 communication parameters.

The Selective Edit dialog box. The dialog box allows the user to edit a
data file. If the REPLOT button is chosen, the edited data file is plotted
and the original data is lost. If the PREVIEW button is chosen, the edited
data file is displayed but the original data is not replaced.



Figure 11:

Figure 12:

Figure 13:

Figure 14:

Figure 15:

Figure 16:
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The dialog box asking the user to confirm or abort data acquisition. When
using the boxcar, it also allows you to specify the time delay between
successive data scans.

The NLS fitting dialog box. If the FIT DATA button is chosen, the
original data file and each successive NLS fit are displayed for each cycle
through the NLS fitting routine. The NLS fit may be saved to a new file
using the SAVE FIT button. If an error occurs during the calculations, the
dialog box shown in Figure 13 appears.

The dialog box that appears if calculational errors occur during NLS Fitting
(see Figure 12) or NLS Convolution (see Figure15), or if the user wishes to
interrupt NLS Convolution. The dialog box also appears if the user wishes
to interrupt NLS Convolution. If the CONTINUE button is chosen, the
program continues from the point of interruption. If the STOP
PROCEDURE button is chosen, the calculation stops at the point of
interruption, and returns the current results. If the ABORT PROGRAM
button is chosen, the program quits.

The convolution dialog box. One may convolve a response function with a
specific functional form, or with an arbitrary data file. The functional forms
are given in Table 1. If the CONVOLVE button is chosen, the convolved
data are displayed and the original data is overrriden. The convolved data,
if one is convolving a response with a specific functional form, may be
compared to the original data (without overriding the original data) by using
the PREVIEW button. If the PREVIEW button is chosen, the original
data and the convolved data are displayed simultaneously.

The NLS convolution dialog box. One may convolve a response function
with a specific functional form, or with an arbitrary data file. The functional
forms are given in Table 1. If the CONVOLVE button is chosen, the
convolved data are displayed and the original data is overrriden. The
convolved data, if one is convolving a response with a specific functional
form, may be compared to the original data (without overriding the original
data) by using the PREVIEW button. If the PREVIEW button is chosen,
the original data and the convolved data are displayed simultaneously. If an
error occurs during the calculations the dialog box shown in Figure 13
appears. If the mouse button is depressed during the calculations the dialog
box shown in Figure 13 appears.

The dialog box used for smoothing data over a user-specified data point
window. If the SMOOTH button is chosen, the smoothed data are
displayed and the original data are overrriden. The smoothed data may be
compared to the original data (without overriding the original data) by using
the PREVIEW button. If the PREVIEW button is chosen, both the
smoothed and original data file are displayed.



Figure 17:

Figure 18:

Figure 19:

Figure 20:

Figure 21:

Figure 22:
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The dialog box for changing the X and Y data values by a constant. The X-
Y data pairs remain associated. A constant may be added to the data, or the
data may be multiplied by a constant. If the CHANGE button is chosen,
the changed data are displayed and the original data are overrriden. The
changed data may be examined (without overriding the original data) by
using the PREVIEW button. If the PREVIEW button is chosen, the
changed data are displayed but subsequent data analysis begins with the
original data file.

The dialog box for changing the X and Y data values by a simple function.
The X-Y data pairs remain associated. If the CHANGE button is chosen,
the changed data are displayed and the original data are overrriden. The
changed data may be examined (without overriding the original data) by
using the PREVIEW button. If the PREVIEW button is chosen, the
changed data are displayed but subsequent data analysis begins with the
original data file.

The Fourier Transform dialog box. Either the complex or real-valued
Fourier transform may be taken. Currently, the transform is from the time-
to-frequency domain only. For the complex transform the real, imaginary,
magnitude, or phase angle of the transform may be plotted. If the
TRANSFORM button is chosen, the transformed data are displayed and
the original data are overrriden. The transformed data may be examined
(without overriding the original data) by using the PREVIEW button. If
the PREVIEW button is chosen, the transformed data are displayed but
subsequent data analysis begins with the original data file.

The Fourier Transform parameters dialog box. The parameters determine
the shape of the window to be applied to the data prior to the transform, and
the extent of zero padding applied to the original data file.

The dialog box used to set the parameters for reconstructing decays from
previously saved mass spectra. The decays of two peaks are reconstructed.
The parameters identify the mass spectrum positions of the peaks, the peak
width to be averaged, and the place to start calculating the signal
background.

The dialog box for entering the global filename to be searched for when

reconstructing decays from previously saved mass spectra.
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CHAPTER 4

GLOBAL STRUCTURE
OF THE
DATA ACQUISITION AND DATA ANALYSIS PROGRAMS



4.1 INTRODUCTION

In this chapter, a detailed discussion of the internal structure and operation of Data
Acquire and Data Analysis is given from a global perspective. By global it is meant
that the issues covered are common to many source files or are important to the program as
a whole. Specific information on single or on small groups of source files and libraries
will be deferred to Chapter 5. Figures 1 and 2 are schematic flowcharts showing how the
program is structured for data acquisition and data analysis. Figure 1 is for data
acquisition, and Figure 2 is for data analysis.

The remainder of the chapter is divided into eight subsections. Section 4.2
provides an overview of how the program is initialized, and gives an example of how the
program responds to a user-generated event. The method of response is basically common
to all other events that could be generated. Section 4.3 is concerned with the segmentation
structure of the program. Proper segmentation allows programs to be larger than the actual
memory available and helps to reduce memory fragmentation. Section 4.4 discusses the
program resources. In this program, resources are very important for the construction of
the user interface. Section 4.5 introduces the global data arrays and memory allocation
schemes. Dynamic memory allocation, used extensively in the program, is another means
of reducing memory fragmentation and of maximizing the amount of memory available.
Proper utilization of the global data arrays enables the user to exploit the full capabilities of
the program. Section 4.6 provides information about the Numerical Recipes [1] routines
used. Filenames and data file creation are the subject of Section 4.7. Of particular
importance is the ability to link files to other applications. Section 4.8 addresses the issue
of variable type conversions. This matter is critical for the data acquisition routines,
especially where communication to ~cxtema1 devices is involved. Finally, Section 4.9

provides a general discussion about plotting data on the plotting windows.
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4.2 OVERVIEW OF PROGRAM OPERATION

The program starts by initializing the Macintosh Toolbox (high level toolbox
routines, QuickDraw, and low level operating system routines). The initialization code is
then made purgeable (Section 4.3), since it is no longer needed. The program resources are
opened; and the cursors, menus, windows, and file system are set up. Program control
then goes to the main event loop.

The main event loop evaluates the type of event and where it occurred. An event
can be defined as a requested action by the user or by the operating system. It is up to the
programmer to decide what type of events is important for the program to recognize.
Events are normally processed in the order of occurrence, but certain types of events
always have priority [2-5]. The main event loop in this program handles all user-generated
events: mouse, keyboard, windows, updates, controls, and the status of data acquisition.
The operating system ordinarily handles low level miscellaneous events, such as
recognizing that a floppy disk has been inserted into the disk drive. The main event loop is
composed of three sections: one to handle mouse events, the second to deal with the
keyboard and windows (including controls and updates), and the third to monitor the status
of data acquisition. The status of data acquisition is the last item checked. This ensures
that data acquisition will be sensitive to the last processed keyboard or mouse event.

The way the main event loop responds to user actions is bascially the same
regardless of the event. The following is an example of how a user command is executed,
along with the relevant routines involved. The user action is listed followed by the
program's internal response. The example is for data acquisition with the boxcar averager.
Although this is not the simplest example, other possibilities are no more difficult. It is
assumed that all starting parameters a;re already specified. From the user's point of view,

one simply chooses Start from the Collection menu.



User:

Program:

User:

Program:

User:

Program:

User:

Program:

User:

Program:
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No action.

Cycle through MainEvent().

Choose Collection menu.
Main event loop gets menu bar event. Go to DoCommand() and

identify Collection menu.

Choose Start.

Go to DoDataCollectionMenu(). Identify the menu item corresponding
to Start. Ask user if all is ready to go.

Confirm Start or cancel data acquisition.

If confirmed, then turn on data acquisition flags and open the Macintosh
serial drivers. Return to DoDataCollectionMenu(). Then return to
DoCommand(), which returns to MainEvent(). If cancelled, return to

DoDataCollectionMenu(). Then return to DoCommand(), which returns

to MainEvent().

Data Acquisition started.
MainEvent() checks data acquisition flag status and finds them turned

on. Go to DoDataBoxcarScan() and take a data point. Return to

MainEvent().
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User: No action.

Program: MainEvent() continues to check the status of the data acquisition flags.
If they are on, do DoDataBoxcarScan() until the required number of data
points and scans is taken. During data acquisition plot the averaged data
(DrawPlotWind()) on the Plot Window, and save it to a file. When
finished, DoDataBoxcarScan() turns off the data acquisition flags and

closes the Macintosh serial drivers. Signal that the scan is finished.

User: Set up for next scan.
Program: MainEvent() checks status of data acquisition flags and finds them
turned off. Since no user events are present, continue to cycle through

MainEvent().

Of course, the user could always generate a keyboard or mouse event during data
acquisition by using % -G (Start/Stop) and %-H (Pause/Continue). As previously
mentioned (chapter 3, section 4.3), ¥-G and 3-H set the status of the data acquisition

flags.

4.3 PROGRAM SEGMENTATION

When the program project is opened by Think C, the program segmentation
structure is shown (Figure 3 for Data Acquire, Figure 4 for Data Analysis). Program
segments are handled by the Macintosh segment loader. By default, the program code is
locked in memory when loaded. This means that upon program startup, the segment
containing the main program (maini) is in Data Acquisition.c or Data Analysis.c) is

loaded first. Additional segments are loaded when a routine in them is called. Since the
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segments are locked in memory, and need not be loaded in any specific order, it is possible
that significant memory fragmentation may result.

In this program, attempts have been made to reduce memory fragmentation by
making the segments dynamic. Except for the main program (in Data Acquisition.c),
code is made purgeable by calling the Toolbox routine UnloadSeg(routine name). The
segments that are made purgeable are indicated at the end of the main event loop. The
routine name is arbitrary, since a call to any routine in a segment affects the entire segment.
Code segments are swapped in and out of memory in whole segments no larger than 32K.
A segment should never unload the segment that called it, or unload itself. Since the
segment containing the main program is never purgeable, the safest place to put
UnloadSeg() calls is in the main event loop [5]. For example, if initialize.c and Data
Acquisition.c are in the same segment, the program crashes upon startup when executing
UnloadSeg(Initialize). If Data Acquisition.c and the fitting routines are in the same
segment, the program crashes when fitting a file.

This program project is set up so that routines common to a specific purpose are
grouped into the same source file, and source files devoted to a common task are in the
same segment. The initialization routines (initialize.c) is one segment. Routines for data
analysis and communication with external equipment (including the initialization routines
for serial communications, Serial Comm Initialize.c) are in separate segments.
Seldom used routines (e.g., AboutProgram.c) are in their own segments. Data

Acquisition.c and other frequently used routines remain locked.

4.4 PROGRAM RESOURCES
Resources are the building blocks of all Macintosh programs [2-5]. They can
include all the descriptive information needed by a program. These might be the menus,

the fonts, the icons, the characteristics of a window, or the layout of a dialog box, to
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mention just a few. Resources come in various types, and an application may have several
resources of a given type. However, there is only one type of a given resource that is
identical for all Macintosh applications. To make this point clearer, consider the resource
type WIND, which is the window template used to construct a window. This program has
a total of four resources of type WIND (since there are four windows), but windows in all
Macintosh applications are described by the same WIND resource type. Even code
segments (Section 4.3) can be treated as resources. In a sense, a Macintosh program can
be thought of as nothing but a collection of resources.

Resources can be built using either of two applications supplied by Think C. The
first is ResEdit, and the second is RMaker. ResEdit [3,4] allows the user to create
resources graphically, but does not create resource source files. Program resource source
files can be created and compiled using RMaker [3,4], but this requires knowledge of
how to write the RMaker code. Thus, using ResEdit is often more convenient. Every
program resource has its own ID number, which is recognized by the Toolbox resource
manager. For compatibility with the Macintosh system software, all programmer created
resources must have ID numbers ranging from 128 to 32767 inclusively. For a given
resource type, there may be further restrictions. See Reference 2 for the final word. The
symbolic constants and identification numbers for the resources used in this program are in
Data Acquisition.h or in Data Analysis.h.

As far as this program is concerned, resources created by the user are employed to
separate the "look"” of the program from the program code itself. In this way, the visual
appearance of the program can be changed without having to recompile, or even worse,
actually having to write a new set of code. Manipulating resources (e.g., turning menu
items off or on) is done using Toolb‘ox routines. Some resources (e.g., a dialog box to
open or write a file) are predefined in the Toolbox [2]. Except for some menus and the

Version resource, all other program resources were built using ResEdit.
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In analogy with code segments, some of the program resources are made purgeable
(using ResEdit) to reduce memory fragmentation. The remaining resources are left
unpurgeable as they are expected to be used frequently. The only resources that are never
purgeable are menu resources. If menu resources are purgeable a..d memory has been

moved, the program crashes when a menu item is chosen.

4.4.1 Menu Resources

The File, Edit, Transform, Fitting, Communication, and Collection
menus were built with ResEdit. Except for the Apple menu, all other menus are built
with code. Although it is not necessary to build menus via code, the menus that were built
serve as an illustration of the procedure. The Apple menu is a mixture of ResEdit and
code. ResEdit was used to identify the Apple menu and add the items About Data
Acquire, About Data Analysis, and Program Help. Apple menu desk accessories
are added in the routine SetUpMenus(). Upon startup, SetUpMenus() loads all menu
resources, builds menus using code, and draws the menu bar. When building menus, note
the order in which the menu items are listed. To prevent a menu item from highlighting,
disable it when building the menu. The program identifies the menu item chosen by using

switch statements. The switch case number must match the item number in the menu.

4.4.2 Dialog Resources

All user dialog boxes in this program are of the modal type. When a modal dialog
is called, the user may perform no other function than to work within the dialog box. The
dialog box must be dismissed for the program to continue. In contrast, modeless dialogs
(e.g., desk accessories) can remain ;)pen in the background. Dialog box resources are
composed of two resource components: DLOG and DITL. DLOG identifies and sets up
the dialog box. DITL lists all the dialog items within the dialog box borders. Items are
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numbered in the order in which they are created. All dialog box routines (dialog
routines.c) need to know the dialog item's DITL number. Switch statements are used to
identify the dialog item chosen, and the case number must match the DITL number. For a
modal dialog, the Toolbox assumes that the first item is the default button and frames the
button in bold when the routine frameOkButton() is used. The framed button is associated
with return on the keyboard. When a dialog box is active, it first assigns the value of the
external variables to corresponding local variables. The program then enters a loop so that
the user can change a local variable value or dismiss the dialog box. If the dialog box is
cancelled, the local variable values are ignored. Otherwise, the external variables are
assigned the value of the local variables. Alert boxes are dialog boxes, and the Dialog
manager normally takes care of any needed housekeeping.

4.4.3 Window Resources

All four windows are defined as resources of type WIND and were built using
ResEdit. When building a window resource, the size, title, and type of window are set.
The type of window is defined by the procID number (e.g., document window with

zooming has procID = §) [2].

4.4.4 Icon Resources

In the Communication menu in Data Acquire, the dialog boxes (except for the
Spex CD2A) have icons present in them. The icons (resource type ICON) in the dialog
boxes are for display only, and serve no other function. Icon resources are added to the
dialog resources in the same manner as if one were adding a button. In addition, the
application itself is represented by an icon on the Finder desktop. All icons were built with

ResEdit.
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4.4.5 Version Resources and Links with the Finder

The Version resource (LPNH for Data Acquire and PENH for Data Analysis),
coupled with the resource types BNDL (Bundle), FREF (File Reference), and ICN# (icon
list), allows an application to have its own identity with the Finder. This also makes it
possible to link files to their parent application. When linked files are double-clicked, the
creating application is automatically launched. The Version resource for this program was
created using RMaker. The RMaker source file is named project name.R. The
compiled resource file is called project name.tworsrc in order to distinguish it from the
main resource file. The project name is the Think C project name, e.g., Data Aquire-
047A for the Data Acquire program. Once the Version resource is created, ResEdit is
used to copy it into the main resource file. The Version resource name must be the same as
the Think C project's Creator's name, and must be different from all other applications.
The Version name for an application can be checked using ResEdit. By using ResEdit,
the reader will note that the resource type BNDL is composed of a list of the resource types
FREF and ICN#. There is a direct correspondence between FREF and ICN#; i.e., the first
FREF is associated with the first ICN# and so forth. The local ID (localID) numbers
always start at zero, and the resource (rsrcID) numbers correspond to the resource number
of the given type. As an example, the icon for the application (FREF type APPL) has the
local ID of zero, and the resource ID 128 (its ICN# resource number). The ordering of the
FREF and ICN# resources is critical and must be adhered to if the link to the Finder is to
work properly [2,4]. Resources for the application are always done first, followed by
resources for various file linkages. If additional FREF and ICN# resources are created,

they should be attached to the end of the current BNDL list.
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4.5 DATA ARRAYS AND MEMORY ALLOCATION

The most important data arrays in the program are global ones called XData and
YData. XData is a row vector whose size is equal to the number of points in the file. YData
is a matrix composed of four rows equal in size to XData. The number of rows is
arbitrarily set. These dynamically allocated arrays are used to store new data, and to store
data when opening a saved data file. When memory for new XData and YData arrays are
allocated, the old XData and YData arrays are erased. Following C conventions, all row
numbers are zero offset. Thus, YData row zero corresponds to the first row of Y values in
memory. Other data arrays are used when needed. Except for the Display menu, the data
analysis routines work on copies of the XData and YData arrays. Using copies serves two
purposes: (1) A data file can be worked on as often as desired without having to reopen the
file every time; (2) raw and manipulated data can be compared simultaneously on the Plot
Window.

The type of data stored in the YData matrix depends on whether data acquisition or
data analysis is in progress. When using the boxcar or when CAMAC averaging single
mass peaks, the YData matrix is organized so that channel one data are in YData row zero,
channel two data are in YData row one, etc. Two boxcar channels and one CAMAC
channel for averaging a mass peak are available. For both of these cases, however,
provisions have been made for four channels. When rebuilding decays from mass spectra,
the YData matrix is organized so that decay data are in YData row zero, decay two data are
in YData row one, etc. Currently the limit is two peaks at a time. If the user is taking mass
spectra, then the mass spectra are in YData row zero. If the user is averaging mass spectra
over successive scans, then the averaged mass spectra are in YData row one. For data
analysis there are too many cases to li;t here, but the organization of the YData matrix for a

particular type of analysis is given in the appropriate data analysis source file.
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The plotting routine source files (plot.c, plotTwo.c) and the file writing routine
source file (Write.c) operate on data stored in XData and YData. There are a few cases
where the raw data must be moved in order to save or plot a data transformation. In these
cases, the raw data are stored in a temporary local array. When plotting or writing is done,
the raw data are restored into the XData and YData arrays. The plot routines already allow
plotting of a generated function by passing the proper flags to the routine. If the plotting
routine DrawPlotWind() is called, the data are displayed in the Plot Window. If the
plotting routine DrawPlotWindTwo() is called, the data are displayed in Plot Window
Two. This scheme is not the best way, but is manageable for a program of this size.

Another important item is the relationship of the XData array to the plot and
selective plotting routines. The X values are always plotted in ascending order. The
routines expect the lowest value of X to be in XData[0], and the largest X value to be in
XData[Number of Data Points-1]. The Selective Plotting routine uses the XData[0] value
as a reference to establish which part of the data file (in terms of data points) has been
selected. When a constant is added to the X values or the X values multiplied by a positive
number, there is no change in the X values' order. However, multiplying by a negative
number reverses the order. To rectify this problem, the program immediately sorts the X

values into ascending order whenever the X values are multiplied by a constant.

4.6 NOTES ABOUT NUMERICAL RECIPES ROUTINES

Most of the subroutines used to fit, convolve, smooth, and sort data were taken
from the book Numerical Recipes in C [1]. The only major change made to these
routines are that the data type has been changed from float to double. The final results are
converted to type float just before pl‘otting takes place. A few minor changes have been

made (as indicated in the source file) in order to accommodate other program features.
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Using type-double for calculations instead of type-float requires twice as much memory,
but avoids potentially fatal roundoff errors.

One problem with the routines in Reference 1 is that they are set up for unit offset
arrays. The program data arrays are zero-offset. To get around this conflict, the routine is
called in the main program as Func(AA-1) instead of Func(AA). AA is a zero-offset array
in the main program, and unit offset in the Numerical Recipes routine [1]. No changes in

the routine from Reference 1 are needed.

4.7 FILENAMES AND DATA FILE CREATION
Data may be saved in three possible formats. Regardless of the format chosen, the

data file is saved as tab-delimited text. The possible forms are listed below.

(A) Standard document: Not linked to any particular application and is
represented by the default document icon.

(B)  CricketGraph document: Represented by the CricketGraph file icon.

(C)  Excel document: Represented by an icon labelled as Excel Text.

The text file structure contains 2 lines of headers (an asterisk in the first line, and X
and Y data column names in the second) followed by the data in two columns (X being the
first column). Data files are composed of one set of X data and one set of Y data, and may
be up to 32K in length. Files may be created or modified in a different application, but
must be saved in the proper format in order for Data Analysis or Data Acquire to
handle it. Files that are incorrectly structured may lead to a crash if the file is opened.

Filenames are created in threc~formats, depending on how the data file is acquired.
If the file is saved through the Collection menu, then the filename is composed of the

date, time, plus the active label from the Collection menu (Data Acquire only). The
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temporary files Most Current Scan or Most Current Scan Two are created using the
C language. If mass spectra are being saved so that decays can be reconstructed at a later
date, then one is asked to enter a global filename. If the global filename is TEST, the
program will create or look for filenames called TEST_#, where # is the delay line position
in millimeters from the delay line zero. If no global filename is given, then Most Current
Scan is used by default. The # parameter values are determined by the Unidex dialog
box (Figure 3) if acquiring data, and by the Reconstruct CAMAC Decays dialog box
(Figure 17) if reconstructing data.

3.8 VARIABLE TYPE CONVERSIONS

During the course of data acquisition and data display, there are several variable
type conversions made. All variable type conversions must be taken into account when
making changes to the program code.

The global arrays to which new data are transferred (XData, YData), so that a data
file can be saved or plotted on the Plot Window, are type-float. The boxcar and CAMAC
crate routines initially store new data in local arrays (data_channel for the boxcar,
new_data for the CAMAC). These local arrays are type-float and type-long-int
respectively. The plotting and fitting routines work with XData and YData. Note that
although type-long-int allows integer values larger than 32K, a direct conversion to type-
float cannot be made without first converting to type-int. There is no problem in directly
converting type-int to type-float.

For mass spectra, the XData and YData array bounds are determined by the number
of channels (represented by the variable avglen) used by the CAMAC crate. When
making the XData and YData arrays;, the array bounds must equal the integer value of
avglen. An integer variable called NumOfCAMACPts has been declared and assigned
the integer value of avglen (through the CAMAC dialog box). When avglen is used by
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the CAMAC crate routine to set up the crate and to set the size of the needed internal data
arrays, avglen must be type long integer. If there is a mixture of integer and long integer
for avglen, the program crashes. If avglen is always an integer, then the CAMAC crate
gives YData which is correct up to 255 laser shots. Past 255 laser shots, YData becomes a
large negative number.

The delay line needs the variable NumOfDataPts to be type-long-int. Here
NumOfDataPts is the total number of increments the delay line takes per scan. If
NumOfDataPts is not type-long-int, the delay line crashes or adds the sum of the
distances travelled by all previous scans to the first increment of the current scan.

NumOfDataPts must be type-int elsewhere in the program.

4.9 PLOTTING ON THE PLOT WINDOW

Data plotted on the plotting windows are stored in memory as a picture. The picture
is associated with a picture record, which is a recording of all QuickDraw calls used to
construct it [2-4]. A picture record may be up to 4 gigabytes in size.

Pictures speed up the redrawing of a data file on the plotting windows. This is
illustrated by considering dialog boxes. If the user calls up a dialog box, the dialog box
will usually cover part of the plotting window. When the dialog box is dismissed, the
plotting window must be redrawn. If the plot is available as a picture record, then the
program will know which part of the plot was affected and how to redraw it. If no picture
record is available, then the plot must be recalculated entirely from scratch.

Each cycle through the plotting routine purges the old picture and picture record,
and creates the picture and picture record for the new plot. The main plotting routines,
DrawPlotWind() and DrawPlotWind’i‘wo(), both have two QuickDraw commands to clear
the old plot. EraseRect() clears the picture on the window, and the picture record is cleared

by calling KillPicture(). A picture record remains in memory until explicitly cleared. If
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KillPicture() is not called, then the program crashes after about 69 scans of 1500 points
each (on a 2 megabyte machine). When KillPicture() is called, at least 1000 scans (the
largest number tested) of 2048 points each can be made. The current picture record is not

cleared until a call is made for a new plot. Otherwise, any update to the plotting windows

causes a crash.
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FIGURE CAPTIONS

Figure 1:
Figure 2:
Figure 3:
Figure 4:

A schematic program flowchart for data acquisition.
A schematic program flowchart for data analysis.
The Think C segmentation structure for Data Acquire.

The Think C segmentation structure for Data Analysis.
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Data Acquire-047A

=

Data Acquire-047A

Name obj size || Name

obj size

Data Acquig'tion.c
H Decode.c
dialogRoutines.c

E file.mini.c
Help.windovs.c
MenusAndArrays.c
mini.vindovs.c
MousePaint.c

= nrutil_fixed.c
plot.c

plotTwoc
PrintFunctions.c

= ReadSaveFile.c

2 ReconstructCAMAC ¢
scale.c

E Utilities.c

H Yrite.c

§ zoom.windows.c

Fourier.c
funcs.c
gaussj.c
mrqcof.c
mrqmin.c
REALFT.C
SMOOFT.C
Smoothfit.c
SORT2.C
TYOFFT.C

4486

Boxcar.c

DataAcq.Lib

LeCroy Transient D.c
Lle

OpenBoard.Lib

Serial Comm Initialize.c
Serial Comm Utilities.c
Serial Dlog.c

ChangeYalues.c
CONYLY.C
Convelutionfit.c
covsrt.c
DataManipulateDlog.c
DoConvolution.c
FitNLS.c

FOURL C
Fourier.c
funcs.c
gaussj.c
mrgcef.c

SpexCommands.c
StartStopScan.c
Unidex Commands.c

initialize.c

Math881
stdio881
storage
strings
unix881

MacTraps

AboutProgram.c




== Data Analysis-047A

== Data Analysis-047A

Name obj size Name obj size
Data Analysis.c 4198 funcs.c 2788
Decode.c 426 gaussj.c 1690 fi
dialogRoutines.c 1036 || Generate.c 1434
file.mini.c 2316 mrqcof.c 680
FitConvolveDlog.c 3594 mrqmin.c 1306
Help.windows.c 1608 REALFT.C 1042
MenusAndArrays.c 2386 SMOOFT.C 856
mini.windows.c 1606 Smoothfit.c 784
MousePaint.c 242 TYOFFT.C 684
nrutil_fixed.c 1674 initialize.c 36
Plot.windows.c 452 Math881 1042
PrintFunctions.c 896 stdio881 19902
scale.c 1044 storage 394
SelectEdit.c 1184 strings 382
SORT2.C 522 unix881 5204
Utilities.c 746 MacTraps 9792
YindowsMenu.c 1684 ReadSaveFile.c 842
Yritec 1112 ReconstructCAMAC.c 2690
zoom.windows.c 206 AboutProgram.c 946 |
CONYLY.C 908 ChangeValuesConst.c 1546
Convolutionfit.c 1842 ChangeYaluesFunc.c 2396
covsrt.c 708 plot.c 2520
DoConvolution.c 1720 plotTwo.c 2520
FitNLSc 6558 AutoConvolve.c 3378
FOUR1 .C 930 funcsNLSConvolve.c 2834
Fourier.c 9284 mrqcofConvolve.c 1052
funcs.c 2788 mrqminConvolve.c 1306
gaussj.c 1690 gl | QSIMP.C 298
Generate.c 1434 | TRAPZD.C 360
mrgcof.c 680 |0 E
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CHAPTER 5§

SOURCE FILES AND LIBRARIES DESCRIPTION
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5.1 INTRODUCTION

In this chapter, a more specific description of the source files and libraries used in
Data Acquire and Data Analysis is given. The main purpose is to outline the function
of each module, its relationship to other functions, plus any other special notes that may be
useful to know. The program source files contain comments to explain what is happening
with the program code, and to facilitate improvements in program code efficiency. Some
comments are useful for understanding how a routine works, described from a
programmer's viewpoint, given a user-initiated event. Several data manipulation files have
been adapted from Reference 1, and the reader is advised to go to that reference for a
detailed discussion of the numerical methodology employed.

It is impossible to detail all the nuances of IEEE-488 and RS-232 serial
communications interfacing. References important to this program are given in References
2-7. The program code listing also includes comments concerning any small details, often
discovered by accident, which are particular to a given piece of equipment.

Because of the number of source files and header files, the chapter is organized into
sections that focus on small groups of routines. These groups are outlined in subsequent
paragraphs. Each section covers a specific aspect of the program operation. Each section
begins with an explanation of the section's purpose. This is followed by a listing of the
relevant source files. The function of the major routines in the source file are then
discussed. Occasional reference are made to certain Macintosh Toolbox calls and their
associated records in memory. Attempts have been made to keep the use of such
terminology to a minimum. References 7-10 should be consulted for a full explanation of
the Macintosh Toolbox.

All files used in the progran‘)s are listed below. Some files were provided by
external sources, and the sources are indicated at the end of the list of filenames. The files

are categorized according to their principal function. Source code files are designated by
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XXX.c, while header files are designated as XXX.h. Many source files are used in both
programs. There are a few cases where files with the same name are slightly different in
the two programs, and these files are indicated by an asterisk. For features common to
both programs, the header files are identical. Additional declarations and constants are for
features unique to one program. If a source file name is followed by an asterisk, then
there are two different versions, one for Data Analysis and one for Data Acquire. Ifa
file has two versions, then ‘both versions are printed in the supplemental source code

listing. This is done for completeness and for minimizing confusion.

Macintosh Interface Plotting
AboutProgram.c plot.c*
Data Acquisition.c plotTwo.c*
Data Analysis.c scale.c
dialogRoutines.c
FitConvolveDlog.c Memory Allocation !
Help.windows.c nrutil_fixed.c
initialize.c nrutil.h
MenusAndArrays.c*
mini.windows.c File Management
MousePaint.c Decode.c
Plot.windows.c file.mini.c
Utilities.c* PrintFunctions.c
WindowsMenu.c ReadSaveFile.c
zoom.windows.c Q Write.c
Data Acquisition.h 2

Data Analysis.h 3



Data Analysis

AutoConvolve.c

ChangeValuesConst.c
ChangeValuesFunc.c

convlv.c |
Convolutionfit.c
covsrt.c 1
DoConvolution.c
FitNLS.c

fourl.c 1
Fourier.c

funcs.c

gaussj.c !
Generate.c 3
mrqcof.c !
mrqcofConvolve.c
mrgmin.c !
mrgminConvolve.c
gsimp.c !

realft.c !

smooft.c 1
Smoothfit.c

sort.c 1

trapzd.c 1
twofft.c 1
complex.h 1

nr.h 1

Data Acquisition

Boxcar.c 2

DataAcq.Lib 4

LeCroy Transient D.c 2
Llc4

OpenBoard.Lib 4
Reconstruct CAMAC.c
Serial Comm Initialize.c 2
Serial Comm Utilities.c 2
Serial Dlog.c 2

Spex Commands.c 2
StartStopScan.c 2
Unidex Commands.c 2
Drinterface.h 4
GPIBres.h 4

IEEE.h 4

sys.h 4
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Project Name and Resources Think C Libraries 5
Data Analysis-047A 3 Math881
Data Analysis-047A.R 3 stdio881
Data Analysis-047A .Rsrc 3 storage
Data Acquire-047A 2 strings
Data Acquire-047A.R 2 unix881
Data Acquire-047A Rsrc 2 MacTraps

w»m A~ W N

Adapted from the book Numerical Recipes in C
Relevant to Data Acquire program only

Relevant to Data Analysis program only
Provided by National Instruments

Provided by Think C, version 3
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5.2 MACINTOSH INTERFACE
This section is concerned primarily with the files needed to implement the visual
aspects of the Macintosh interface. Nonvisual aspects, such as file management and

printing, are left for later sections.

5.2.1 AboutProgram.c

This file is used to create the entertaining credits display when the user chooses
About Data Acquire or About Data Analysis from the Apple menu. The displayed
text can be altered using the routine titled Credits().

5.2.2 Data Analysis.c and Data Acquisition.c

These files contain the global variable declarations, the main program, the routine
MainEvent() (the main event loop), and some of the major routines called by MainEvent().
These are some of the most important files to understand, thus they are discussed in some
detail. The routines, in order of their appearance in the code listing of Appendix II, are
briefly discussed in the following paragraphs.

The routine main() is the main program. First, the Macintosh Toolbox is
initialized for the new application using the routine named initialize(). Then the
application's cursors, menus, windows, and filename strings are set up. Next, main()
allocates a few extra master pointer blocks to minimize memory fragmentation [7-10]. The
initialize() segment is then unloaded since it is no longer needed. Finally, main() checks
whether the Macintosh is being run under MultiFinder. Program control is then transferred
to MainEvent().

MainEvent() appears compiicated, but is easily understood. It first updates the
‘menus and cursors. Next it gets an event from the event queue, using WaitNextEvent() or

GetNextEvent(). Then it enters the switch loop to evaluate the event and process it. The
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switch loop first checks to see if it was a mouse event. If so, it then determines where the
mouse event occurred in the following order: the Finder desktop, the close box of a
window, the menu bar, a system window (e.g., desk accessory), the title bar of a window,
a window's size box, a window's content region, or a window's zoom box. Keyboard
events are evaluated next, and the case of a key being depressed continuously is taken into
account. Next come events that indirectly result from a user action: activation and
updating. An example is when an obscured window is selected: The obscured window
must first be activated, and then its hidden contents updated to be made visible. After the
event has been processed, the status of data acquisition is checked. Lastly, all nonessential
code segments are made purgeable to minimize memory fragmentation.

SetUpMenus() constructs menus either from code or by loading the available
menu resources from the resource file. Once the menus are constructed, certain menu items
are checked off or turned off as required by the state of the program. Once all the menus
are constructed and initialized properly, the menu bar is drawn.

DoCommand() is used to evaluate the menu chosen and the menu item chosen,
and directs the program to the specific task requested. When a menu is chosen, its title is
highlighted so the last thing DoCommand() does is to dehighlight the menu title.

The next three routines are MaintainCursors(), MaintainMenus(), and
SetUpCursors(). All cursors in this program (arrow, text, wristwatch) are predefined in
the Macintosh Toolbox; therefore, it was not necessary to create any custom cursor
resources. SetUpCursors() simply gets the predefined cursor resources and assigns them to
handles to be used throughout the program. MaintainCursors() is used to adjust the cursor
appearance to the text cursor if in the Data Window and the arrow otherwise.
MaintainMenus() turns on and off s;omc menu items, depending on whether the Plot
Window or Data Window is active. Note that MaintainMenus() operates only on

individual menu items, not on the whole menu.
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The next five routines are diagnostic routines, which are used as safeties. The
four routines called oursXXX() return true if the window exists and is being properly
pointed to. CantOpen() is called by main(), and makes sure that the resource file is in good
shape when the program is launched from the Finder desktop.

DealWithUpdates() handles window updating events. The structure of the update
procedure is standard, but it employs the brute force method of essentially updating every
window. Typically, updating requires redrawing the size box for the plotting windows,
and the size box and text for the text windows.

The last four routines all deal with updating the interface is some regard.
PleaseWait() sets the cursor to the wristwatch, indicating that an extended operation is in
progress. RedrawPlotWind() is called whenever the plotting window size changes. First
the routine checks to see whether anything is drawn on the window, gets the new
dimensions, and then scales the plot accordingly. UpdateMenuBar() turns on and off
menus, depending on whether the menus are relevant to the current state of the program.

UpdateHelpMenuBar() functions similarly to UpdateMenuBar() but is very specific to the

presence of the Help Window.

5.2.3 dialogRoutines.c

This file contains all the dialog routines to set up and perform text editing on dialog
items. Routines are provided for variables of type integer, long integer, and double. In
addition, the file contains the routines from checking off a dialog item, and for framing a

button if it is the first item in the dialog list.

5.2.4 FitConvolveDlog.c*
This file contains the routines which display and monitor the user's actions on the

dialog boxes used for NLS Fitting (DoFitDlog()), NLS Convolution
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(DoAutoConvolveDlog()), and ordinary convolution (DoConvolveDlog()). The Data

Acquire version does not have a routine for NLSConvolution.

5.2.5 Help.windows.c, mini.windows.c, and Plot.Windows.c

These files contain the routines necessary for creating and maintaining the various
windows. Help.windows.c regulates the Help Window, mini.windows.c governs the
Data Window, and Plot.windows.c regulates the Plot Window and Plot Window
Two. The main difference between the windows is the lack of text associated with the
plotting windows. There are a number of window routines, but the ones that are
encountered most often are those called by MainEvent(). Other miscellaneous routines are
used to update other window parameters, but are implemented only by the window routines
called by MainEvent(). Currently, the window routines for each window are largely the
same. If a window parameter is irrelevant to the active window (e.g., text editing and
controls on the plotting windows), then it remains at the given default value when the
window was first created. These default values are part of the window record created in
memory by the Toolbox. In the future, the window routines should be rewritten as utilities
analogous to dialogRoutines.c. In the following discussion, the Help Window is
neglected since it is virtually identical to the Data Window.

SetUpWindows(), called during program startup, gets the window resource
template and constructs the window plus its associated controls. The routine also
establishes the associated font and text handles. DoContent() is concerned with the place in
the window where the mouse button was pressed. MyGrowWindow() updates the
window when the size box is moved. UpdateWindow() is used after any change in a
window to recalculate controls, line; of text, and to redraws the window's controls and

Grow icons (in the window's size box).
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The equivalent routines for the plotting windows are much the same, except that all
references to controls and text handles have been eliminated since they are irrelevant. The
only additional routine added for the plotting windows is the routine RedrawPlotWind() to
replot the graph as discussed is Section 5.2.2. In the case of the Help Window, the
routines are completely analogous to the Data Window except that the variables for the

controls, text handle, lines in folder, etc. are different (e.g., HelpTEH vs TEH).

5.2.6 initialize.c

This file contains the routine required to initialize the Macintosh Toolbox for a given
application. It is program independent and may be used for any user project. The ordering
of the calls should not be changed since the Macintosh Toolbox has a very strict order of
initialization [1-4].

5.2.7 MenusAndArrays.c*

This file serve two purposes. The file contains the routines necessary to allocate
global data arrays. In addition, the file contains the routines used to evaluate what menu
item was selected as well as to direct the program to the appropriate action based on the

menu item selected.

5.2.8 MousePaint.c

This file contains the routine (MousePaint()), which enables the user to select and
shade a portion of a window. The routine, which operates on the Plot Window and Plot
Window Two, is used when the user wants to fit or expand a data file selectively.
MousePaint() returns the local wind<;w coordinates that correspond to where the mouse

button was depressed and released.
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5.2.9 \Utilities.c*

This file contains various debugging statements that can be used as diagnostics in
the program. The MacsBug debugger (or equivalent) must be in the Macintosh System
Folder. When the debugging statements are called, MacsBug is automatically implemented.
In addition, the file contains the routine DoCaution() and DoCautionDlog(). DoCaution(),
called by nrerror() in the file nrutil_fixed.c (section 5.3.1), calls DoCautionDlog(). The
dialog box associated with DoCautionDlog() allows the user to pause the current
procedure, or to abort the program. The Data Analysis version also contains a utility

routine called ScanMessage(), which can be used to display alert messages.

5.2.10 WindowsMenu.c

This file contains the routines necessary to maintain the Windows menu, which
keeps track of which windows are open, and which window is the active window. Several
routines are involved. SetUpWindowsMenu() is called when the program is launched from
the Finder desktop. AddToWindowsMenu() is called when a window is opened.
MaintainWindowsMenu() keeps track of which visible window is active.

DeleteFromWindowsMenu() is called when a window is closed.

5.2.11 zoom.windows.c

This file contains the routine (MyZoomWindow()), which recalculates a window's
parameters after a window is zoomed. These parameters include the number of lines of text
that can be visible, the position of controls within the scroll bar, etc. The effects of the new
parameter values are seen when the window is updated by UpdateWindow() (Section
5.2.5). If the Plot Window‘ or Plot Window Two is zoomed, then
MyZoomWindow() also calls the function RedrawPlotWind() (Section 5.2.2), so that

graphs on the plotting windows are rescaled and redrawn to fit the new window
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dimensions. The window updated depends on what window pointer is passed to the

routine.

5.2.12 Data Acquisition.h and Data Analysis.h
These files are the main header files for Data Acquire and Data Analysis. They
contain all header definitions for the various resources as well as for the miscellaneous

constants and MultiFinder checks and data acquisition flags.

5.3 MEMORY ALLOCATION
This section is pertinent to the source files that contain the routines for dynamic
memory allocation. Dynamic memory allocation is used extensively in the program in

order to try to maximize the amount of memory available at any particular time.

5.3.1 nrutil_fixed.c

This file contains the dynamic memory allocation routines. Arrays and matrices
of type integer, long int, float, and double may be allocated and freed. There is also a
utility routine (nrerror()) which is needed by some of the data manipulation routines [8]. If
an error is encountered by these routines, nrerror() pauses the program and displays a
dialog box. The dialog box allows the user to continue, to stop the current fitting
procedure (NLS Fitting and NLS Convolution), or to immediately quit the program.
Unless the error is in memory allocation, it is not necessary to quit the program. The

routines for the dialog box called by nrerror() are in the file Utilities.c (section 5.2.9).

§.3.2 nrutilLh
This header file contains the declarations for the various memory allocation

routines.



5.4 PLOTTING

These files serve three main purposes. First, they contain the routines needed to
plot the data in the XData and YData arrays on the plotting windows. Second, they allow
one to draw single data points on the plotting windows. Finally, they contain a routine that

calculates the plot axes dimensions for the current geometry of the plotting window.

5.4.1 plot.c* and plotTwo.c*

These files contain the routines needed for plot data on the Plot Window and
Plot Window Two. Only plot.c is discussed here. This is because plotTwo.c is
identical to plot.c except that the routines operate on Plot Window Two. The names of
routines in plotTwo.c are of the form (plot.c name)Two().

DrawPlotWind() is the master plotting routine. The values of the axes are set by
SetPlotAxesMinMax(). The axes and axes labels are produced by DrawAxes() and
DrawLabels(). The data points are drawn if the flag called DataTakenFlag is true.
DataTakenFlag is normally true except at the start of data acquisition. If the pointer variable
TheFunc if not set to NIL, then the current function (in funcs.c) being pointed to by
TheFunc is drawn. These are the same functions used in NLS fitting, convolution (not
NLS convolution), and function generation through the Functions menu.

Two other very important routines are DrawADataPoint() and GetPlotAxesRect().
DrawADataPoint() allows one to draw a single data point on the Plot Window, and is
used for both data acquisition and NLS convolution. GetPlotAxesRect() calculates the
dimensions of the plotting axes based on the current size of the Plot Window, and is
called whenever the size of the Plot Window changes.

An important point to remember is that the Plot Window displays the plot as a
picture. Displaying plots as pictures greatly simplifies the window updating process. Only

one picture can be open at a time. Pictures are opened by calling the Toolbox routine
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OpenPicture(). OpenPicture() returns a PicHandle [1-3], called PlotWindPic, to the new
picture. After the plot is created internally by calling the necessary QuickDraw routines, the
picture is closed by calling the Toolbox routine ClosePicture(). The picture is then drawn
on the Plot Window, and this is immediately followed by a call to the Toolbox routine
SetWindowPic(). SetWindowPic() is important since it makes the picture part of the
window record. Once the picture is part of the window record, selecting the window

causes the picture to be drawn rather than generating an update event.

5.4.2 scale.c
This file contains the routine (scale()) used to determine the scaling of the X and Y

axes when plotting a data file. When a plot is made, scale() is called by the routine called
SetPlotAxesMinMax (Section 5.4.1).

5.5 FILE MANAGEMENT
The files in this section perform various tasks related to creating and saving files,
printing files displayed in the various windows, and loading data from saved files into the

global data analysis arrays (XData, YData) of the program.

5.5.1 Decode.c

This file contains the routines needed to load the X and Y data of a saved data file
into the XData and YData arrays of the program.

5.5.2 file.mini.c
This file contains the routines needed to open and save files through the File
menu. It is designed to operate on data shown in the Data Window and the Help

Window. However, saving data shown on the Help Window is not supported.
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5.5.3 PrintFunctions.c

This file contains the routines needed to print out data that are in the Data
Window, Plot Window, or Plot Window Two. The Data Window is printed as
ordinary text, while the plotting windows are printed out as pictures. Currently, printing a

file from the Help Window is not supported.

5.5.4 ReadSaveFile.c

This file contains the routines needed to create unlinked text data files using Think
C. These routines are crucial for creating the temporary files (e.g., Most Current Scan)
and for creating data files when saving mass spectra files automatically. Also they are
important for reading these saved mass spectra files into the global arrays, CAMACXData
and CAMACYData, which are used when reconstructing data transients. CreateNewFile()
returns a pointer to a new file with a user specified filename. ReadOldFile() reads and
loads the data from a saved file into the CAMACXData and CAMACYData arrays for use
in reconstruction. SaveNewFile() saves data in the XData and YData arrays to a file.
SaveMassSpectrum() gets the default filename when autosaving mass spectra.
FindFilesToCreateDecay() gets the global filename to be used for reading files for the

reconstruction process.

5.5.5 Write.c

This file contains the routines needed to write the data in the XData and YData
arrays to a data file using the Collection menu. There are three routines available. The
default filename is created by MakeDefaultFilename(). If files are to be saved as unlinked
text, then the file is saved by WritcT;.xtFilcO. If the file is to be saved as a file linked to
CricketGraph or to Excel, then the file is saved using WriteData().
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5.6 DATA ANALYSIS
This section contains the files used to perform the data analysis. Some of the files are

purely data manipulative in design [8], while others are master routines that use the routines

in the data manipulation files.

5.6.1 AutoConvolve.c
This file contains the main driver routines needed to implement a Marquardt NLS fit

of a convolved data file to the given functions listed in the NLS Convolve menu.

5.6.2 ChangeValuesConst.c
This file contains the driver and dialog routines needed to alter the X and Y data

from a data file by a constant.

5.6.3 ChangeValuesFunc.c
This file contains the driver and dialog routines needed to alter the X and Y data
from a data file by a function.

5.6.4 convlv.c
This file [1] contains the routine to convolve or deconvolve a real data set (including

user-supplied zero padding) with a response function.

5.6.5 Convolutionfit.c
This file contains the main driver routine needed to perform convolution of a data

file with a response function through the Convolve menu..
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5.6.6 covsrt.c
This file [1] contains the routine to repack the covariance matrix to the true order of

the parameters, given the covariance matrix of a fit for some number of the total parameters

and their ordering.

5.6.7 DoConvolution.c

This file contains the routine (DoConvolution()), which prepares the data and
chosen response function for convolution. The actual convolution is done utilizing the

routines in convlv.c.

5.6.8 FitNLS.c

This file contains the main driver routines needed to implement a Marquardt NLS

fit of a data file to the given functions listed in the fitting menu.

5.6.9 fourl.c

This file [1] contains the routine that calculates the discrete Fourier transform given

a complex data array.

5.6.10 Fourier.c

This file contains the driver and dialog routines needed to perform a time-to-

frequency Fourier transform. Real or complex Fourier transforms can be done.

5.6.11 funcs.c

This file contains the functions used to convolve or NLS fit data, using specific
functional forms. The functional forms are the same as those given in the NLS Fit and

Convolve menus.
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5.6.12 funcsNLSConvolve.c
This file contains the functions used to NLS convolve data, using specific
functional forms. The functional forms are the same as those given in the NLS

Convolve menu.

5.6.13 gaussj.c
This file [1] contains the routine needed to implement the solution of a matrix of
linear equations by the Gauss-Jordon elimination method. This routine is used in

conjunction with NLS Fitting and NLS Convolution.

5.6.14 Generate.c

This file contains the routines needed to generate files of a given function, and

stores the new data in the XData and YData arrays of the program.

5.6.15 mrqcof.c

This file [1] contains the routine needed to evaluate the linearized fitting matrix

alpha and vector beta that are used in mrgmin.c.

5.6.16 mrqcofConvolve.c
This file is based on mrqcof.c. It is used for NLS convolution, and has been
adjusted to account for the use of numerical integration in the NLS convolution process.

In all other respects, it is identical to mrqcof.c.

5.6.17 mrqmin.c
This file [1] contains the routine needed to perform one iteration of the

Levenberg-Marquardt method to minimize the value of the chi-square of a fit between a set
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of points with individual standard deviations and a nonlinear function dependent on

coefficients.

5.6.18 mrqminConvolve.c
This file is based on mrqmin.c. It is used for NLS convolution, and has been

adjusted to account for the use of numerical integration in the NLS convolution process.

In all other respects, it is identical to mrqmin.c.

5.6.19 gsimp.c

This file 1] performs Simpson integration and returns the integral of a function

from boundary points a to b.

5.6.20 realft.c

This file [1] contains the routine to calculate the Fourier transform of a set of 2n
real-valued data points. It replaces these data by the positive frequency half of its complex
Fourier transform. The routine is also capable of calculating the inverse transformv of a

complex data array if it is the transform of real data.

5.6.21 smooft.c

This file [1] contains the routine needed to smooth the Y data, while the X and Y

data remain associated.

5.6.22 Smoothfit.c

This file contains the driver and dialog routines needed to smooth a data file.
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5.6.23 sort2.c
This file [1] contains the routine needed to sort an array into ascending numerical

order, using the Heapsort algorithm, while making the corresponding rearrangements of

the partner array.

5.6.24 trapzd.c

This file [1] contains the routine needed to compute the nth stage of refinement of

an extented trapezoidal rule. It is used in conjunction with gSimp.c.

5.6.25 twofft.c
This file [1] contains the routine, which takes two real arrays as input, that calls
fourl() and returns two complex output arrays. Each of the complex arrays is of length n,

and contain the Fourier transforms of the respective input data.

5.6.26 complex.h
This header file contains the definitions needed to perform complex function

operations using functions provided by Reference 1.

5.7 DATA ACQUISITION
This section contains the source files needed to perform data acquisition. Data are

taken using a boxcar integrator or a CAMAC crate based LeCroy Waveform Analyzer.

5.7.1 Boxcar.c

This file contains the routines needed to take a data point using the boxcar.
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5.7.2 DataAcq.Lib and OpenBoard.Lib

These libraries are required for the operation of the NB-M10-16H-9 board used
by the boxcar.

5.7.3 LeCroy Transient D.c
This file contains the routines needed to take a single data scan using the CAMAC

crate-based LeCroy Waveform Analyzer.

5§5.7.4 Ll.c
This file contains the routines needed for the laboratory interface via GPIB.

5.7.5 ReconstructCAMAC.c
This file contains the driver and dialog routines needed to reconstruct transients

from previously saved mass spectra.

5.7.6 Serial Comm Initialize.c
This file contains the routines needed to initialize the serial drivers for setting the
proper communication parameters for the Unidex controller [5] and the Spex CD2A

Compudrive [6].

5.7.7 Serial Comm Utilities.c

This file contains various utility routines needed for serial communications.
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5.7.8 Serial Dlog.c
This file contains the various routines for the dialog boxes pertinent to

communication with external equipment. These are the delay line, boxcar, CAMAC crate,

and CD2A Compudrive.

5.7.9 Spex Commands.c
This file contains the routines needed to communicate with the Spex CD2A

Compudrive. The CD2A Compudrive regulates the position of the monochromator.

5.7.10 StartStopScan.c

This file contains the routines needed to initialize, start, and stop the data

acquisition process.

5§.7.11 Unidex Commands.c
This file contains the routines needed to communicate with the Aerotech Unidex 1

motion controller. This controller then regulates the motion of the optical delay line.

5.7.12 Drlnterface.h
This header file is the include file for the interface between LI.c and the Driver. It
MUST be included in both ends of the interface.

5.7.13 GPIBres.h
This header file defines the GPIB resources. The resources should be opened with

GetNamedResource since the resources may be moved into the system file, in which case

the ID's may be changed by the installer.
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5.7.14 IEEE.h

This header file contains the definitions for the status codes for GPIB.

§.7.185 sys.h

This header file contains the various system definitions for GPIB communication.

5.8 PROJECT NAME AND RESOURCES
These files are required to construct the Think C project.

5.8.1 Data Analysis-047A and Data Acquire-047A
These are the Think C project files for Data Analysis and Data Acquire.

5.8.2 Data Analysis-047A.R and Data Acquire-047A.R
These are the RMaker source files used to create the Version resources for Data

Analysis and Data Acquire.

5.8.3 Data Analysis-047A.Rsrc and Data Acquire-047A.Rsrc
These are the resource files associated with Data Analysis and Data Acquire.

They are editable using ResEdit.

5.9 C PROGRAMMING ENVIRONMENT LIBRARIES

These are the standard libraries that are part of the C programming language and the
Think C development environment. If the library name is followed by 881, this is the
version of the library required if th;e project is to utilize the 68881 math coprocessor

properly.
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5.9.1 Math881, stdio 881, storage, strings, and unix881

These libraries are part of the C language. The C standard input and output
library is stdio881. Mathematics routines are given in math881. Dynamic memory
allocation is possible by using the functions in the storage library. The strings library
contains the C routines needed for putting together strings. Finally, unix881 contains the
C routines needed for converting strings to numbers, getting the time, and aborting the

program in an emergency.

5.9.2 MacTraps
This library provides the interface between the Think C development environment
and the Macintosh Toolbox. MacTraps will be required for any Think C project using that

uses the Macintosh Toolbox .
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CHAPTER 6

PROGRAM MODIFICATION:
A TUTORIAL
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6.1 INTRODUCTION

In this chapter, a tutorial is given for modifying Data Acquire and Data
Analysis, using the Think C development environment. The abbreviated code listing
used in this chapter will show the reader where the modifications have been installed in the
actual source code. Here, a fully worked out example is given for a simple program
modification. This example assumes that one wishes to add a new feature to do some type
of calculation. Furthermore, the parameters for the calculation are to be adjusted through a
dialog box, and the dialog box will be accessed through a menu. In this example, the
additions are made to the Data Analysis program. For simplicity, the new menu item is
added to the existing Functions menu. The new menu item is called New Item. The
dialog box, entitled New Dialog, allows the user to enter a number and click an OK or
CANCEL button. If OK is pressed, then the entered number is taken as the slope of a
line. The line, with an intercept of zero, is then plotted on the Plot Window. If
CANCEL is pressed, then nothing happens.

The modification procedure is as follows. The program resources (menus and
dialog boxes) are modified as needed, and any new resources are created. Then the main
body of the program code is modified to utilize the new resources. The actual C code for
the calculation is then developed, and it is shown how to utilize the plotting routines. The
order for the code modification used here is not rigid, and one could modify the code for
the calculation first. Working with the interface is often assumed, perhaps inaccurately, to
be the most obscure part of the program. Bugs encountered with code for the calculation
are due to incorrect use of the C language, not to the Macintosh. To assist the reader in this
tutorial, the relevant variables (local aqd external) are declared each time a part of the source
code is shown. Obviously, the variables would be declared only once in the actual

program code.
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6.2 CREATING THE NEW RESOURCES

First we create the dialog box, using the ResEdit (provided by Think C)
application. Open up the project resource file to list the resource types used in the program.
Open the DLOG resource to list all the dialog box numbers (Figure 1). Choose New
from the File menu to create a new dialog box. Note the number 21321. This number,
assigned by ResEdit, is the dialog ID number (Figure 2). Use Display As Text in the
DLOG menu to set the title and size of the dialog box on the screen (Figure 3). Double-
clicking on the new dialog box brings up the DITL window. In this window are created
and placed the needed dialog items (Figure 4). The DITL ID number is the same as the
itemsID number in Figure 3. Choose New from the File menu to bring up a ResEdit
dialog box, which allows the user to set the parameters for various kinds of dialog items.
Use this box to create the OK button (Figure 5). Close the ResEdit dialog box to have
the new button displayed on the DITL window. The new button can be placed anywhere
in the DITL window. Repeat the process for the 3 remaining dialog items. The
CANCEL button is item 2, the label The number: is item 3 and is Static text, and item
4 is Editable text for entering the new number (Figure 6). This is all that needs to be
done using ResEdit. Save the new resource file and quit ResEdit.

Note that although the Functions menu was not altered with ResEdit in this
example, it is because the Functions menu was built using code. However, it is trivial to
modify a menu that has been built with ResEdit. Simply open the proper MENU
resource, and click the menu item that will precede the new menu item. Choose New from
the File menu adds a menu item titled Blank to the menu resource template. Type in the
new menu item name, and click the Do It button. The new menu item should now be

added to the menu. Save the new resource file to record the changes.
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6.3 MODIFYING THE CODE TO USE THE NEW RESOURCES

The Functions menu was built with code. The routine SetUpMenus() in the
source file Data Analysis.c handles the menu setup when the program is started up. The
Function menu is built using the AppendMenu() Toolbox routine, and the various menu
items are added in the order that they will appear. For simplicity, the new menu item is
added to the end. The modified statements in SetUpMenus() for the Functions menu are
given below. Note the MenuHandle declaration called Generate. Menus are accessed in
memory through MenuHandles. This declaration is included here, but is normally in the
global declaration list at the beginning of the Data Analysis.c source file. The menu

associated with the Generate MenuHandle is the Functions menu seen on the screen.

MenuHandle Generate;

Generate = NewMenu(GenerateID, pFunctions"); /*create Generate menu*/
AppendMenu(Generate, \pGaussian");

AppendMenu(Generate, \pLorentzian");

AppendMenu(Generate,\pSech Squar "%

AppendMenu(Generate, \p(---------- ");

AppendMenu(Generate, \pExp Step");

AppendMenu(Generate, "\pSingle Exp");

AppendMenu(Generate, pDouble Exp");

AppendMenu(Generate,"\pLine");

AppendMenu(Generate, "\pNewltem"); <omeen Add this line
InsertMenu(Generate,0);

The Functions menu now contains the new menu item. If the program were tested now,
one would see an updated menu. The Toolbox recognizes that the new menu item exists,

but nothing will happen since the program itself does not yet know about the new item.
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Now one needs to get the new menu item recognized when it is selected. First, the
the main header file (Data Analysis.h) is opened. The header contains the menu and dialog
box declarations. In the declarations for the Generate menu, add a declaration for the new

menu item. The relevant part of the header file after modification is

#define gfGaussian
#define gflorentzian
#define gfHypSecant
#define gfExpStep
#define gfSingExp
#define gfDoubExp
#define gfLine
#define gfiNewltem

#define SBarWidth 15

[*Generate menu stuff-added LWP*/

VOO ~-IARNWEN =

Commnn Add this line

#define EXAMPLEDLOGID 21321 /*Example dialog*/ <=ee-- Add this line
#define FITDLOGID 12322 /*NLS Fit -added LWP*/

#define CONVOLVEDLOGID 27492 /*Convolution-added LWP*/

#define ABOUTDLOGID 13946 /*Program help-added LWP*/

The arbitrary prefix gf indicates that these items are relevant to the Functions menu. The
menu item number corresponds to its position in the menu: New Item is the ninth item in
the Functions menu. The dashed lines count as menu items. If the new menu item was
added in the middle of the Functions menu, then the numbers for all items after the new
entry would need to be changed appropriately. Note that the dialog box ID number is also
in the header file, and is called EXAMPLEDLOGID.

The program uses switch routines to associate an action with a particular menu
item. Therefore, the switch routine for the Functions menu must have a case for the new
menu item added to it. The switch routine is in the source file MenusAndArrays.c in the
function called DoGenerateMenu(). ‘In this example, we want the new dialog box to be
displayed if the new menu item is chosen. The properly modified version of

DoGenerateMenu() is given on the next page.
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int  DoGenerateMenu(item) [*added LWP*/
register int  item;

void GaussianFunc();
void LorentzianFunc();
void HypSecantFunc();
void ExpStepFunc();

void  SingExpFunc(); [*this plus other needed additions added LWP*/
void DoubExpFunc(); /*this plus other needed additions added LWP*/
void LineFunc(); /*this plus other needed additions added LWP*/
imode = item; [* ***very important!*** */

switch (item) {
case gfGaussian:
GenerateFunctions(GaussianFunc);
break;
case gflorentzian:
GenerateFunctions(LorentzianFunc);
break;
case gfHypSecant:
GenerateFunctions(HypSecantFunc);
break;
case gfExpStep:
GenerateFunctions(ExpStepFunc);
break;
case gfSingExp:
GenerateFunctions(SingExpFunc);
break;
case gfDoubExp:
GenerateFunctions(DoubExpFunc);
break;
case gfLine:
GenerateFunctions(LineFunc);
break;
case gfNewltem: <-----Add this case
CreateLine();
break;

The new function, here called CreateLine(), will be the main routine for generating
and plotting the line. CreateLine() will call the function DoExampleDlog().
'DoExampleDlog() will be used to handle the new dialog box. The code for CreateLine() is

given in Section 6.4. The code for DoExampleDlog() is listed on the next page.
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double Number = 0; M*declaration of variable¥/

int l{)oExampleDlog() EXAMPLE DIALOG*/
DialogPtr theDialog;
int itemHit;
WindowPtr tmpWindPtr;
double tempNumber; /*Number to be entered*/
tempNumber = Number; [*create local variable for number to be entered*/
GetPort(&tmpWindPtr); /* Point at current window*/

theDialog = GetNewDialog(EXAMPLEDLOGID, &DlogRec, (WindowPtr)(-1) );
/*Get the dialog box, and bring it to the front*/

SetPort(theDialog);
/*Make the dialog the active graphics port*/

/*Setting up the initial conditions*/

SetUpTEDlogDouble(theDialog,4,tempNumber); [*set up dialog item*/
ShowWindow(theDialog); /*make dialog visible */
frameOkbox(theDialog); f*make OK button the default */
/*Start{Dialog loop*/
do
ModalDialog(NIL, &itemHit); [*calls filter before handling*/
switch (itemHit){
case 1: /* OK button */
case2: /* CANCEL button*/
break;
case 4: /* value of the number*/
DoTEDlogDouble(theDialog,itemHit,&tempNumber);
break;
default:
break;
} [*the case of what item was hit*/
}while (itemHit != 1 && itemHit != 2);
CloseDialog(theDialog);
SetPort(tmpWindPtr);
if (itemHit != 2) { /* Unless it was cancel... */
Number = tempNumber; [*assign new value for the number*/
return(1); :
}else{

}

} return(0);
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Every dialog box in this program is structured in the same way. The dialog
routines are in either the source file FitConvolveDlog(), or a source file particular to a given
task (e.g., the Fourier dialog in the Fourier.c source file). Note that the case number in the
dialog loop corresponds to the order in which the dialog items were added when the dialog
box was built in ResEdit. Routines that handle the various dialog items in the dialog
boxes (e.g., DoTEDlogDouble()) are in the source file dialogRoutines.c. The routines in
dialogRoutines.c are utilities in which the necessary Toolbox calls have been collected for
convenience. Note that the ampersand is required for DoTEDlogDouble() to function
properly (e.g., case 4 in DoExampleDlog()). The ampersand is not used in the function
SetUpTEDlogDouble().

6.4 CODE FOR CALCULATION AND PLOTTING

Next we need to construct the arrays and the data for the sine wave. As mentioned
previously in Chapter 3, the XData and YData arrays are global ones used for plotting,
creating and writing files. Other arrays, both local and global, are designated for special
tasks by the programmer.  For simplicity, these arrays are used directly. An exarhple
function, called CreateLine(), for generating and plotting a line, is given below. StartPos,

EndPos, and CurrYRow may change in different parts of the program, so their values need

to be set properly.

extern int NumOfDataPts = 100; /*set to 100 for this example only*/
extern float *XData; /*X data array*/

extern float **YData; /*Y data matrix*/

extern int CurrYRow =0; [*which Y row the data is in*/

extern int NumYRows =4, . /*maximum of 4 rows available for now*/
extern int StartPos = 0; [*first data point*/

extern int EndPos = NumOfDataPts ; [*1ast data point*/

double Number =0; [*declaration of variable*/
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\{/oid CreateLine():

int i: /*looping variable*/
int ExampleDlogStatus; /*was the OK or CANCEL button pressed?*/

ExampleDlogStatus = DoExampleDlog();
*evaluate the user response to the dialog box*/

if(ExampleDlogStatus==1) { /*was OK button pressed?*/
MakeDataArrays(NumOfDataPts);  /*allocate memory for arrays*/
for(i=0;i<NumOfDataPts;i++) { [*load the data*/
XData[i] =i;

YData[CurrYRow][i] = Number*i;

DrawPlotWind(TRUE,XData,YData,StartPos,EndPos,NumYRows,CurrYRow,NIL);
/*plot the data on the Plot Window*/

Note that if the data were to be drawn on Plot Window Two, the calling routine is:
DrawPlotWindTwo(TRUE,XData, YData,StartPos,EndPos, Num YRows,CurrYRow,NIL);
with CurrYRow now being equal to one. Although there are three additional variables for

plotting, they are assigned as NIL because they are irrelevant to this procedure.

6.5 TESTING AND FINAL COMMENTS

The new program can now be tested. Running the project under Think C, the
program starts up as usual. Since the main header file (Data Analysis.h) was modified,
there may be a short delay in running the project as the compiler will recompile every
source file that accessed that header. Selecting the new menu item gives the screen shown
in Figure 7. Test to see whether the number value is retained and the line plotted (Figure 8)
when pressing the OK button, and u;lchangcd (and nothing happens) when pressing the
CANCEL button. If things work properly, we are nearly finished.
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A final important point. The user should note that once the data are properly loaded
into the XData and YData arrays, the data are available to be used with all other program
features. No other files need to be changed. This provides a means for another check to
make sure that the data are loaded properly in the XData and YData arrays. One should be
able to plot the data (default or selective plot), save the data, and perform a simple analysis
in any random order. If this is successful, then it can be said that things are working

properly.
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FIGURE CAPTIONS

Figure 1:

Figure 2:

Figure 3:

Figure 4:
Figure §:

Figure 6:

Figure 7:
Figure 8:

The ResEdit listing of all the dialog resources (DLOG) used in the Data
Analysis program.

The newly created dialog box displayed graphically using ResEdit. The
location of the dialog box on the screen can be adjusted by dragging the
dialog box with the mouse.

The newly created dialog box displayed as text using ResEdit. In text
mode one can adjust the size, location, and appearance of the dialog box.

The newly created dialog box template (DITL) displayed using ResEdit.

The ResEdit dialog box for creating new dialog items such as buttons,
checkboxes, and text items.

The completed dialog box template (DITL) for the new dialog box displayed
using ResEdit.

The new dialog box as it appears in the modified Data Analysis program.
The line plotted on the Plot Window if the entered number is equal to 5.
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CHAPTER 7

TROUBLE-SHOOTING
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7.1 INTRODUCTION

This is the known list of problems and their current fixes. Sections 7.2-7.5 relate to
communication with laboratory equipment during data acquisition. Section 7.6 deals with
crashes that are due to improper data file formats. Finally, Section 7.7 is concerned with a

rare problem regarding the program development environment.

7.2 LOSS OF COMMUNICATION BETWEEN THE COMPUTER AND

DATA ACQUISITION BOARDS

After a crash, the Macintosh may lose track of the NB-DMA-8-G board, which is
used for GPIB-488 communication with the CAMAC crate. Verify the problem using the
Control Panel through the Apple menu. The control panel will indicate that no NB-DMA-
8-G board is in a slot, or that the NB-DMA-8-G board is there but not active. To recover
from this problem, first try rebooting the Macintosh. If this does not help, try turning off
the Macintosh with the power switch in the back, wait a few seconds, and turn it back on.
So far, assuming no hardware damage, this always solves the problem. If things still do
not work, try reinstalling the NI-488 software (Section 6.3). Turning off the Macintosh
via the power switch in the back is an abnormal procedure, so the reboot switch should
always be tried first.

The NuBus board associated with the boxcar is the NB-M10-16H-9. The NB-M10-
16H-9 must be connected to the NB-DMA-8-G to work properly. So far the problem seen
with the NB-DMA-8-G board has not been observed with the NB-M10-16H-9 board.
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7.3 CRASHES DUE TO A BAD TRIGGER

When using the boxcar, error number -76 (overrun error) has been seen. This error
has three possible causes. First, the NB-M10-16H-9 is connected to a trigger after data
acquisition begins. Second, the trigger load setting on the Stanford Pulse Generator (use
the output button on the pulse generator to set the load) is wrong. For the NB-M10-16H-9
the load setting is High Z, versus 50 Ohms for the CAMAC crate. Only the NB-M10-16H-
9 board has exhibited sensitivity to the load setting. Third, a spurious trigger occurred.
The rate of spurious triggers may be related to the load setting. A checkloop has been
installed to prevent an occasional bad trigger from giving the -76 error. No data point is
taken until all initial error checks are completed. If a bad trigger occurs, the data point is
thrown away and the program tries to take the data point again from scratch. The program
stops if 20 consecutive bad triggers occur, since presumably something is seriously wrong

with the trigger source.

7.4 CRASHES THAT ARE DUE TO THE DELAY LINE UNIDEX
CONTROLLER |
At random times the Unidex delay line controller crashes. During a crash, the
controller stalls and sends no string back to the Macintosh. Another problem, not directly
resulting in a crash, is that the serial request returned string is not always the required %
sign. This % sign problem is not fatal since the returned string is not used. The crash has
been traced to a loss of synchronization between the Macintosh and the controller. After a
crash, the controller still communicates with the Macintosh when using Red Ryder (a RS-
232 communication utility program). Delay line motion is resumed if the controller is
cleared to power up conditions or is s;ent a number of serial polls. Currently the program
waits 20 seconds for a returned string from the controller. 20 seconds should be more than

enough time for the delay line to complete its motion. If no string is received, then the
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program will send 25 serial polls every 20 seconds to the controller until the delay line
moves. The computer will emit a beep for each serial poll sent. So far, sending serial polls
solves the problem. If all else fails, reboot the computer and controller. The
synchronization loss may be due to the controller or to the RS-232 cable being flooded by
excess RF noise, large amounts of RS-232 traffic in the cable from strings being sent and

echoed, or to something else.

7.5 CRASHES THAT ARE DUE TO THE DATA ACQUISITION

BOARDS OR BAD DATA ACQUISITION SYSTEM FILES

This crash is manifested by either a system error, or by a complete failure of one of
the NuBus boards to respond. There are two possible reasons for this problem. First, the
the NB-M10-16H-9 and NB-DMA-8-G boards are not connected to each other (via 50 pin
connectors on each board). Second, the NI-488 Init file in the System Folder is
erroneous. By default, the init file provides enough room in the system file for one of the
data acquisition NuBus boards. When a second board is used, the init file needs to be
expanded in order to accomodate the second board.

The solution to an erroneous NI-488 Init file is straightforward [1,2]. The NI-
488 Init file is opened using ResEdit. Two items, called INIT and sysz, appear.
INIT remains unchanged, but sysz needs to be ungraded. The first line of sysz should
be changed from 00000000 0001 0000 0000 to read 00000000 0002 0000 0000.
Only the middle two sets of four numbers (e.g., 0001 0000) are adjustable. Save the
changes to the NI-488 Init and reboot the computer. No changes were made to the
Lablnit file, but for reference the first line reads as 00000000 0000 C000 00?0 (the

question mark is actually upside down).
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7.6 CRASHES THAT ARE DUE TO A BAD DATA FILE

Crashes that are due to bad data files are indicated in several ways. First is that the
Data Window shows nonsense, the Plot Window may or may not show a plot, and
program operation freezes. Second is that the Data Window shows more than two
columns of data, and the Plot Window shows nonsense. Third is that the Data
Window shows two columns of data, but some data analysis routines (e.g., those in the
Display menu) give incorrect plots. Fourth is that when a file is opened, the Data
Window title is correct, but the File menu is highlighted and nothing is shown in the
Data or Plot Windows. Most of the time, the problem can be traced to an erroneous text
file structure (Chapter 4, Section 7).

There are four known ways in which these errors can happen. First, the file may
not be saved as tab-delimited TEXT. Second, the file may be in TEXT format, but may
possess more than two columns. Third, the file length is more than 32K lines. Fourth, the
data file (especially if it is data taken with earlier program versions) may contain a duplicate
of the first or last data point. The first problem is solved by going back to the application
that created the file and saving the file again in TEXT format. To solve the second
problem, go back to the data file and eliminate the excess columns. The routine that reads a
data file (in the source file Decode.c) is set up for only two columns. The third problem is
solved by going back to the data file and eliminating excess lines. The 32K restriction is
the maximum number of lines allowed in a standard Toolbox text file record. The fourth
problem is solved by eliminating the duplicate data point. Some Display menu options
use the first or last data point in the file as a reference. For example, the Selective Plot
option uses the first point to establish the location of the selected data range with respect to
the location of plotting axes on the sc;'een. If a duplicate first point is present, the routine

gets confused.
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7.7 CRASH DUE TO THE DEVELOPMENT ENVIRONMENT

This crash is rare, and is manifested by a previously working Think C project
malfunctioning for no apparent reason. The project works satisfactorily in some respects,
but consistently fails in others. The crash has only been observed while the program code
was being extensively modified. Presumably, this means that the project file has lost track
of the location of a source file in memory.

Assuming that the crash cannot be traced to some error in the program code, then
there are three possible solutions. First, the project can be unloaded and then reloaded.
Second, if the crash can be localized to a particular source file(s), those file(s) can be
deleted from the project and then re-added. In the worst case, the third possibility is to
recreate the project and reload the entire source code from scratch. The procedures for

implementing the three solutions are given in Reference 3.
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CHAPTER 8

DEVELOPMENT ENVIRONMENT PARAMETERS
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This chapter documents the Think C options under which the programs were
developed [1]. If an option is not listed, it was not used. The Think C Source debugger
and MacsBug were used to debug the program. MacsBug, which works in assembly
language, was used with various Debug statements. Debug statements are listed in the file

Utilities.c. The options used are listed below.

Search Option: Ignore case box checked
Code Generation: All boxes checked except Profile box.
Source Debugger:  Use 2Md screen box checked.

Precompilation was done with the Think C MacHeaders file. MacHeaders
includes the most common declarations and low level memory globals for the Macintosh
Toolbox, and is available to all project source files. To minimize compilation time, all
superfluous Toolbox header files have been deleted from the project. For this program,
MacHeaders was expanded to allow recognition of the code generated for the math
coprocessor. The new version, with the changes indicated, is listed in Table 1. If the
original MacHeaders is used, preprocessor statements for the math coprocessor must be
added where needed throughout the project.

To make the program function without the coprocessor, go back to the Think C
project and remove all references to the coprocessor. This involves several steps. First, a
new MacHeaders file must be created that does not contain any preprocessor statements for
the 68881 coprocessor. This new MacHeaders replaces the one shown in the Table I. The
previous MacHeaders does not have\to been deleted, but it must be in a different folder
from the Think C application. Second, one must replace all 68881 libraries with their non-
68881 equivalents (e.g., stdio instead of stdio881). Third, the code generation option
for the 68881 should be unchecked. Finally, the entire project needs be recompiled.
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As of this writing, version 4 is the most current Think C development environment.
Think C version 4 will automatically convert projects created with version 3. However,
several items must be noted. Now that C has an ANSI standard, Version 4 is now closely
in line with the ANSI C standard. Normally this should not be a serious concern since the
version 3 compiler was already close to the ANSI standard. However, it is possible that
small adjustments in the code may have to be made in order to comply fully with the ANSI
standard imposed by version 4. In addition, the names and organization of the version 4
libraries are different from version 3. Therefore, one will need to replace all version 3
libraries. This includes the MacTraps library. Finally, the MacHeaders file given in Table
1 will be unnecessary. It should be replaced by the MacHeaders file given by version 4.
MacHeaders of version 4 does not need to be modified for the math coprocessor. For

further information, consult the version 4 documentation.
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TABLE 1
New MacHeaders for using the 68881 coprocessor

These declarations are the original MacHeaders.

#include "ControlMgr.h"
#include "DeskMgr.h"
#include "DeviceMgr.h"
#include "DialogMgr.h"
#include "EventMgr.h"
#include "FileMgr.h"
#include "FontMgr.h"
#include "HFS.h"
#include "IntlPkg.h"
#include "ListMgr.h"
#include "MacTypes.h"
#include "MemoryMgr.h"
#include "MenuMgr.h"
#include "OSUtlLh"
#include "PackageMgr.h"
#include "Quickdraw.h"
#include "ResourceMgr.h"
#include "ScrapMgr.h"
#include "SegmentLdr.h"
#include "StdFilePkg.h"
#include "TextEdit.h"
#include "ToolboxUtil.h"
#include "WindowMgr.h"
#include "asm.h"
#include "pascal.h”

These preprocessor declarations were added for the math coprocessor and standard error
checking.

#ifndef _MC68881_
#define _MC68881_
#include "Math.h"
#endif

#ifndef _ERRORCHECK _
#define _ERRORCHECK _
#endif
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TABLE 1 (continued)

These declarations are not part of the new or original MacHeaders. They can be included
when necessary.

#include “"Appletalk.h”
#include "nAppletalk.h”
#include "Color.h"
#include "ColorToolbox.h"
#include "DeskBus.h"
#include "DiskDvr.h"
#include "PrintMgr.h"
#include "ScriptMgr.h"
#include "SCSIMgr.h"
#tinclude "SerialDvr.h"
#include "SlotMgr.h"
#include "SoundDvr.h"
#include "SoundMgr.h"
#include "StartMgr.h"
#include "TimeMgr.h"
#include "VRetraceMgr.h"
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APPENDIX

UPDATE NOTES FOR
NATIONAL INSTRUMENTS NI-488 AND LABDRIVER
SOFTWARE

This appendix is taken from the NI-488 Distribution Disk provided by National
Instruments, Inc. 1989
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National Instruments Macintosh NI-488 Release 2.3
Copyright 1988, 1989 National Instruments Corporation.
All Rights Reserved.

This file contains up-to-date information not in the "NI-488 Software for the
Macintosh User Manual" (part number 320102-01). This information includes release
notes for all versions of this software. The information pertaining to the latest version is at

the top of this file.

Important differences between NI-488 Release 2.3 and Driver Software Version 2.2:

Two handler functions, ibdev and ibln, were added to allow run-time configuration and
device presence testing. The board index parameter of ibdev is a value in the range 0

through 5.

In addition to the remarks about the function ibdev in the August 1989 edition of the "NI-
488 Software for the Macintosh User Manual," you should not call ibfind to open a device
after using ibdev because ibfind can open on-line devices. Doing so changes ibdev's
dynamic configuration of the device to the default configuration as set by the configuration
program. If the ERR bit of ibsta is set, the error code in iberr will indicate what the
problem is so that your application can take appropriate action. The error code can be one

of the following.
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EDVR: No GPIB handler is loaded (no handler INIT in the System Folder or no GPIB
board installed) or too many devices are open by previous calls to ibdev and
ibfind. The Macintosh OS error code is returned in ibent.

EARG: If ibdev returns a negative number, the bus_index is out of range; otherwise, one
of the other arguments is out of range.

ENEB: Nonexistent GPIB board in the slot associated with bus_index.

ECAP: The handler has no capability for this call. Ask the user to install the NI-488
Handler INIT Release 2.3 or higher.

The ibfind function returns status in ibsta and an error code in iberr. If the ERR bit of ibsta
is set, the error code in iberr will indicate what the problem is so that your application can

take appropriate action. The error code can be one of the following.

EDVR: No GPIB handler is loaded (no handler INIT in the System Folder or no GPIB
board installed). The Macintosh OS error code is returned in ibcnt.
EARG: The board or device name is too long or no such name exists.

ENEB: Nonexistent GPIB board associated with board or device name.
The Microsoft BASIC interface was replaced with the Microsoft QuickBASIC interface.
In the utility application ibic, the ibrdf and ibwrtf file I/O functions accept file names, and

the ibfind function accepts a device name enclosed in double quotation marks. This method

allows names with white-space and special characters to be used.
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Important differences between Driver Software Version 2.2 and Driver Software Version
2.1

The ibconf configuration program version 1.3, in this release, runs correctly with Apple's
System Software 6.0.1 and 6.0.2 on the Macintosh IIx. The ibconf version 1.2, in the

previous release, ran correctly with System Software 6.0, but does not with the later

versions.

The NB Handler INIT in this release correctly handles driver ID assignments. The NB
Handler INIT had a bug that caused an INIT driver whose ID was changed on a collision

during a previous startup to be overwritten by a driver involved in a new ID collision.

The C language interface has been upgraded for Macintosh Programmer's Workshop 3.0.
Compile LI.c with the command:

c-d MPW LIc

For MPW 2.0, compile LI.c with the command:
c-d MPW2LIlc

Note: The November 1988 edition of the "NI-488 Software for the Macintosh User
Manual," page 4B-1, has an error in the MPW command to compile LLc; there should be a
space between the flag -d and the name MPW.
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Important differences between Driver Software Version 2.1 and NI-488 Version 1.0:

The C language interface, Ll.c, can be compiled with either THINK C or Macintosh
Programmer's Workshop C. Refer to Section 4B of "NI-488 Software for the Macintosh
User Manual." A source code example is in the folder "Mac II Board Find" to demonstrate

finding any type of National Instrument's boards.

The default for device to slot associations has changed from slot one to slot six for all

devices. You can use the ibconf configuration program to change the associations.

The file spooling commands, ibwrtf and ibrdf, are now three times faster than the previous

versions.

The NI-488Test program now puts the handler into a known state before starting the test.
The test will abort if no GPIB boards are present. It will begin automatically if only one
GPIB board is present and will display the boards and prompt for selection if more than
one board is present.

The utility programs, NI-488Test and ibic, now quit in response to cmd-Q.

A HyperTalk language interface and examples have been included on a separate disk.
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The handler has these corrections:

1. One byte reads no longer fail.

2. NB-GPIB handler now works in DMA mode.

3. Reads and writes are no longer limited to 64K bytes.

4. Wait for SRQI no longer returns immediately.

5. ibloc, ibclr, ibppc, ibtrg, and ibpct functions now report errors to iberr.

6. Mac SE handler now detects the presence of DMA controller.

7. The handler is loaded into memory at startup preventing the system from giving memory
needed by the handler to other INIT's or cdev's.

8. Serial poll now sends the serial poll disable command if it timed out.

9. The device function ibwrtf no longer bombs if there are no devices at the configured
address.

10. Reads and writes no longer fail if the data buffer address is odd.

11. Serial Poll of a device that set END with its response byte no longer puts the handler in
data hold off state until the next ibonl.

12. The device name length has been increased to 31 bytes and will truncate longer names
(ibconf will accept names up to 255 bytes in length). Previously, device names of 17

bytes or more would cause ibfind to bomb.

The example program pbcontrolcalls.c is no longer missing storage allocation for a

structure that it uses.

The ibic utility no longer bombs if the function ibrd is given a count greater than 32,767.
The new maximum count, 65,535, is a limitation of the utility, not the handler. The

handler will accept counts to 2,147,483,647 or the limit of available memory.
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How to Remove NI-488 v1.0 and LabDriver v1.0

This Driver Software Version replaces NI-488 v1.0 and LabDriver v1.0, which were
installed with Apple's Installer program into the System File. Three methods are given by

which you can remove NI-488 or LabDriver versions 1.0.

Removing NI-488 Version 1.0 and LabDriver Version 1.0 from the Macintosh II

If you have the NI-488Init and/or the Lablnit file in your System Folder, then NI-488 v1.0
and/or LabDriver v1.0 need to be removed before installing the new driver software.

The "NB Handler INIT" replaces both NI-488 v1.0 and LabDriver v1.0. To remove NI-
488 v1.0, follow these steps:

1. Drag the NI-488Init file from your System Folder.

2. Shutdown the Macintosh and insert the original NI-488 Version 1.0 diskette, "NI-488
for Macintosh," into a diskette drive.

3. Start up your Macintosh from the NI-488 Version 1.0 diskette. This procedure causes
the Macintosh to use the system on the diskette.

4. Double-click on the Installer application contained on that diskette.

5. Click on the line "NI488 for the Mac II (v1.0)" in the window and click the Remove
button. The installer will remove ;he handler resources from the System File.

6. Restart the Macintosh.
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To remove LabDriver v1.0, follow these steps:

1.
2.

Drag the Lablnit file from your System Folder.
Shutdown the Macintosh and insert the original LabDriver Version 1.0 diskette,

"LabDriver Software Package Installation," into a diskette drive.

. Start up your Macintosh from the LabDriver Version 1.0 diskette. This procedure

causes the Macintosh to use the system on the original diskette.

. Double-click on the Installer application contained on that diskette.

. Click on the line "National Instruments LabDriver (v1.0)" in the window and click the

Remove button. The installer will remove the handler resources from the System File.

. Restart the Macintosh.

Removing NI-488 Version 1.0 from the Macintosh SE

If you have the NI-488Init file in your System Folder, then NI-488 1.0 needs to be

removed before installing the new driver software. The "SE Handler INIT" replaces NI-

488 v1.0. To remove NI-488 v1.0, follow these steps:

. Drag the NI-488Init file from your System Folder.
. Shutdown the Macintosh and insert the original NI-488 Version 1.0 diskette, "NI-488

for Macintosh," into a diskette drive.

. Start up your Macintosh from the NI-488 Version 1.0 diskette. This procedure causes

the Macintosh to use the system on the original diskette.

. Double-click on the Installer application contained on that diskette.
. Click on the line "NI1488 for the Mac SE (v1.0)" in the window and click the Remove

button. The installer will remove the handler resources from the System File.

Restart the Macintosh.
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Alternate Methods of Removing NI-488 and LabDriver Versions 1.0.

In the discussion that follows, both NI-488 v1.0 and LabDriver v1.0 will be referred to as
"handler v1.0" or "the handler."

Using the installer is the preferred method of removing handler v1.0 from your system. If
you don't have the handler v1.0 distribution disk and you know how to replace your
System File or use ResEdit, then you can use one of the alternate methods to remove the

handler.

The handler can be removed by starting up from Apple's System Tools disk, removing the
System File that has the handler v1.0, and running the installer; however, you will also

remove any desk accessory or font that has been added to the system.

If you don't want to replace the System File, you can remove the handler with ResEdit.
With ResEdit, open the DRVR resources of the System File and make a note of the driver
ID's of all the National Instruments drivers. These are named drivers with the names listed
below. In some cases, only a few of these drivers will be present. Then remove these
DRVR resources and all DATA and STR# resources owned by any of these drivers.
Below are the names and default ID's. The ID's may have been changed by the installer.
Make sure that the DATA and STR# resources are owned by one of the drivers listed
before removing it. Select the DATA or STR# resource and get info to identify the owner.
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Driver Name Default ID
".NB-MIO" 51
".NB-DIO" 52
".NB-DMA" 53
".NB-MIO2" 54
".LabDriver" 55
".NB-AO-" 56
".GPIB Driver" 57
".NB-GPI" 59

Refer to Section Two of the "NI-488 Software for the Macintosh User Manual" for the new

handler's installation procedure.

If after you restart your computer you get the error messages

"The driver installation failed."

"Remove old or duplicate NI drivers."
then either NI-488 v1.0 or LabDriver 1.0 is installed or another copy of "NB Handler
INIT" or "SE Handler INIT" is in the System Folder under a different name. Remove any
older version of the driver software from the System Folder. If no other driver software

file is in the System Folder, then version 1.0 of the handler needs to be removed.



