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ABSTRACT 

A unified molecular-level description of solute-solvent interactions within 

condensed-phase systems has remained elusive despite recent advances towards the 

detailed understanding of the fundamental electrostatic interactions between the atomic 

and/or molecular moieties that compose a bulk system. Through the use of simplified 

cluster model systems such as those employing metal atoms solvated by a rare gas solvent, 

however, microscopic details pertaining to the intrinsic composite nature of the atomic 

orbital interactions can be effectively dissected away from the complexity inherent to 

condensed-phase systems. 

This thesis work presents a systematic spectroscopic investigation of Al• Arn 

(n:::; 60) clusters generated by standard laser ablation techniques using l 'uv + lvis 

two-color and 2vis + lvis single-color resonance-enhanced multiphoton ionization (RE:MPI) 

in the vicinity of the Al(3d) +- Al(3p) atomic transitions. UV absorption spectra were 

collected for Al• Arn cluster sizes corresponding to solvation within the first icosahedral 

salvation shell (I :::: n::::: 12) as well as the second icosahedral solvation shell (13 ::::: n::::: 54). 

These spectra exhibited significant red-shifted absorption features whose absolute peak 

positions were noted to be highly sensitive to the degree of solvation. Such behavior was 

strongly suggestive of an aluminum atom surface binding site. Nevertheless, classical 

Monte Carlo simulations failed to reproduce the observed magnitude of the spectral shifts. 

Consequently, the underlying origin of this anomalous spectral behavior was believed to 

derive from electronic state mixing interactions between those states originating from the 
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Al(3d) and Al( 4p) electronic manifolds. 

Evidence for such a coupling was sought at the level of the diatomic Al•Ar 

molecule using both l 'uv + lvis and 2vis + l vis REMPI to characterize all electronic states 

arising from the Al(3d)• Ar and Al( 4p )• Ar asymptotes. Strong evidence for state mixing 

was observed among the 2Il( 4p ), 2I1(3d), and 222+ 112(3d) diatomic electronic states. With 

increasing solvation, this coupling was believed to result in the formation of aluminum 

3d/4p hybrid orbitals that permitted aluminum electron density to be drawn away from the 

cluster surface. The concomitant introduction of partial ionic character directly adjacent 

to the cluster surface provided a net stabilizing effect that increased upon further 

solvation. 
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1.1. Introduction 

The enormous complexity intrinsic to liquids and condensed-phase solids 

represents a formidable challenge to those who seek a microscopic understanding of the 

weak bonding and/or non-bonding interactions that govern the physical properties of the 

bulk phase. An accurate dynamical model of condensed phase systems requires a 

molecular level description of the N-body potential that determines the interaction of a 

single molecule with all surrounding neighbors, which in tum must be correlated to all 

motions in all degrees of freedom present within the sample. In practice, acquiring such 

knowledge at an appreciable level of detail is exceedingly challenging, both due to the 

sheer number of binding interactions that must be characterized as well as the 

complications inherent in accurately describing the simple pair-wise potentials from which 

many-body potentials may eventually be constructed. In effect, the unique electronic 

structure of each chemical species necessitates a distinct dissection of the complex 

ensemble of attractive and/or repulsive electrostatic physical forces ( due to both the 

presence of charges and/or dipole and higher multipole moments) that underlie bulk phase 

behavior for each condensed phase sample, thus rendering a comprehensive, unified model 

elusive. 

In order to simplify an otherwise intractable problem, approximate model systems 

have been sought that serve to reduce the enormity of the problem while still retaining the 

fundamental physical properties of the bulk. Such an approach has been the domain of 

cluster chemistry, a field dedicated to the use of small molecular aggregates as models for 

the condensed phase. The advantage to studying such small systems is that a reasonably 
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precise description of the pair-wise and many-body potentials between a small, finite 

number of atomic or molecular species that comprise the model system can be achieved. 

Because solvent atoms or molecules can be added to a particular solute in a sequential 

manner, a microscopic model of the dopant surrounded by the initial few salvation shells 

representative of a liquid or solid can begin to emerge, providing a core model from which 

the properties of the bulk may eventually be successfully extrapolated. 

One particular model system that has been extensively exploited over the years as a 

means to extract detailed information related to the electrostatic nature of weak solute­

solvent interactions are metal atom-rare gas van der Waals complexes.1 While somewhat 

idealized in comparison to more complicated polyatomic solvent molecules, rare gas 

atoms nonetheless offer the unique advantage of providing a uniform, spherically­

symmetric polarizable medium devoid of complications arising from the presence of 

charges, dipoles, or higher multipole moments. The simplicity offered by the use of rare 

gas atoms provides a framework by which the metal atom contribution to the bonding or 

non-bonding van der Waals interaction can be effectively isolated. Since to a first 

approximation the role of the rare gas atom can be adequately characterized as a benign 

binding partner, the bonding character of specific electronic orbital orientations on the 

metal atom itself can be explored in great detail, providing an exquisitely sensitive means 

of probing how various subtle variations in the metal atomic orbital character affect the 

nature of the weak van der Waals bond. Likewise, by incrementally varying t.he degree of 

polarizability on the rare gas moiety by substituting constituents from different rows on 

the periodic table, precise information regarding how the van der Waals bonding character 
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of a specific electronic configuration on the metal atom varies with polarizability can be 

accurately assessed. 

Concomitant with the interest in metal atom-rare gas van der Waals systems has 

been the development of highly efficient means to both generate rare gas van der Waals 

clusters containing refractory elements as well as to ascertain the fundamental details of 

the interaction potentials by highly sensitive spectroscopic methods. Developed by 

Smalley and co-workers in the early 1980' s, laser vaporization techniques have 

revolutionized the process by which samples of refractory elements ranging from single 

atoms to large clusters can be produced. 2-6 By coupling the laser vaporization technology 

to the powerful intramolecular and intermolecular cooling mechanisms offered by 

supersonic pulsed beam expansion methods, mixed refractory atom-solvent van der Waals 

molecules and clusters are now routinely produced, providing a facile and efficient means 

to probe the intricacies of the weak bonding behavior on a microscopic scale. 7 

While a number of spectroscopic approaches have been implemented to probe the 

fundamental nature of the van der Waals interaction on scales ranging from the diatomic 

species to clusters containing tens of thousands of atoms or molecules, multiphoton 

ionization (MPI) methods have been among the most extensively implemented. One 

reason underlying the popul~ty of the MPI methodology is the fact that the signal arises 

from an ionic species formed by resonant excitation via some excited intermediate state 

within the species under investigation. Therefore, the MPI method affords the possibility 

for mass selection when combined with either time-of-flight {TOF) or quadrupole mass 

spectrometry. This fundamental property is extremely useful for the study of the 
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electronic as well as vibrational structure present within a cluster system, since the 

spectroscopic character of a specific cluster size can be effectively isolated from those of 

all other cluster species present within the region of the molecular beam irradiated by the 

MPI laser pulse(s). 

The majority of this thesis is dedicated to the characterization of the electronic 

interactions between an aluminum atom and an argon rare gas solvent from the van der 

Waals dimer to the mesoscopic scale. While a great deal of spectroscopic characterization 

has been already performed on this system at the diatomic, 8-
11 cluster, 12

-
15 as well as bulk 

matrix level, 16
-
17 several outstanding questions remain. In particular, the nature of the 

electronic states arising from the energetically similar Al(3d) + Ar and Al( 4p) + Ar 

asymptotes which correlate to the second and third excited states of this metal-rare gas 

system has defied definitive characterization. The close energetic proximity of these two 

asymptotes suggests that electronic state mixing may play an important role in determining 

the nature of the van der Waals bond - a theme that will recur repeatedly throughout this 

thesis. 

During the course of this thesis work, the pair-wise interactions arising from these 

two electronic manifolds have been intensively investigated at the level of the van der 

Waals dimer. In addition, studies on Al•Arn (n :s: 60) clusters have been performed to 

explore how the spectroscopic behavior of these two manifolds evolves with sequential 

solvation within the first two icosahedral solvation shells. To carry out these studies, a 

new experimental apparatus was constructed whose design is extensively detailed in 

Chapter 2. The new machine was designed to utilize laser vaporization techniques to 
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generate the Al• Arn species of interest, combined with :MPI/TOF mass spectrometric 

detection. In addition, Chapter 2 provides a overview of the experimental methodologies 

used during the course of this thesis work. 

The following two chapters present the comprehensive characterization of the 

spectroscopic behavior of Al(3d)• Ar and Al( 4p )• Ar electronic manifolds exclusively in the 

van der Waals dimer. This work extended the previous work by Morse and co-workers by 

employing both 2vis + lvis two-photon excitation to probe the Al(3d)•Ar and Al(4p)•Ar 

electronic manifolds in addition to 1 'uv + lvis single-photon excitation mode as had been 

performed previously.11 Chapter 3 reports the discovery ofthe 2II112(4p) and 2Il312(4p) 

electronic states - the first such states to be directly detected by two-photon excitation in 

the Al• Ar molecule. Both the 2Il112( 4p) and 2I1312( 4p) electronic states exhibited complex 

spectral behavior due to state mixing interactions with the 2r+ 112(3d) as well as 2Il112(3d) 

and 2TI312(3d) electronic states. Likewise, Chapter 3 details the reassessment of the 

2/1(3d), 2Il(3d), and 2r+(3d) state spectral assignments arising from the Al(3d)•Ar 

electronic configuration previously proposed by Morse and co-workers. 11 

The detection of a bound➔continuum transition between the 2Il112(3p) ground 

state and the 2r\12(4p) state probed by ~s + lvis two-photon excitation is the subject of 

Chapter 4. A broad, structureless transition was observed that was energetically situated 

well above the Al( 4p) + Ar dissociation limit, indicative of the fact that the 2L+ 112( 4p) state 

was purely repulsive in character. In addition, the observed dissociative profile was found 

to possess significant single-photon character, suggesting that state mixing interactions 

between nearby electronic states strongly influenced the character of the 2L+ 112( 4p) state 
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potential. Simulations of the dissociative peak contour for the single-photon excitation 

spectra using potential energy curves obtained from MRCI ab initio calculations 

performed in collaboration with Jeff Sheehy enabled an initial determination of the 

potential energy profile for the 2
~+ 112( 4p) state to be achieved. 18 

With the electronic spectroscopy of the Al•Ar van der Waals dimer originating 

from the Al(3d)• Ar and Al( 4p )• Ar manifolds well characterized, Chapter 5 details the 

spectral evolution of these states with sequential solvation. Rather than gradually evolving 

towards the strongly blue-shifted spectral features observed in the bulk matrix spectra, the 

UV absorption spectra of Al• Arn clusters (n ~ 60) near the atomic Al(3d) transition 

demonstrated a prominent red-shifted feature that shifted further to the red upon 

increasing solvation. While other slightly red-shifted features had been previously noted in 

other metal-rare gas systems bound at the surface of a rare gas cluster, 1'
19 the shifts 

observed in the Al• Arn clusters were at least five to ten times larger than any previously 

reported. The origin of the anomalous spectral behavior is discussed within the context of 

novel state mixing interactions between the Al(3d) and Al( 4p) states due to the 

localization of the aluminum atom to the surface of the cluster. 

Finally, Chapter 6 marks the point of departure away from aluminum-containing 

metal-rare gas van der Waals systems towards those containing alkali metals complexed to 

polyatomic solvents. The transition towards the use of alkali metals, however, required 

the development of a new source that would in accommodate the complications presented 

by the soft nature and high reactivity towards oxidation inherent to these metals. Chapter 

6 is another experimental methods chapter that details the design and construction of a 
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new laser vaporization source that employed an alkali metal disk target rather than the 

target rod sources that have been used throughout the course of the previous work. Over 

the course of the following months, this new source design will be implemented with an 

emphasis on generating both alkali metal-carbon dioxide as well as alkali metal-benzene 

van der Waals dimers - two systems that bear considerable relevance to biological systems. 

Ultimately, the new laser vaporization disk target source, in conjunction with the laser 

vaporization target rod sources presented in Chapter 2, will permit any material that can 

be obtained as ( or machined into) a rod or disk target to be employed as an atom source 

for the generation of a wide variety of metal atom-solvent clusters. 
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2.1. Introduction 

A significant portion of this thesis work has revolved around the design, 

construction, and optimization of a new experimental apparatus to be employed for the 

investigation of refractory atom interactions with solvent molecules and clusters. Two 

principal criteria have guided the construction of this new machine - ease of use and 

versatility. In particular, a critical aspect of the design was to permit several different 

types of experiments to be performed interchangeably on a single apparatus, both with 

respect to the types of systems that could be studied and the detection schemes by which 

these systems could be probed. Herein are outlined the details related to the construction 

of this apparatus for the experimental configuration used during the course of the work 

described in this thesis - that related to multiphoton ionization (MPI) studies of metal­

solvent interactions formed by laser ablation/pulsed beam expansion methods. Specifics of 

the other experimental methodology pursued during the course of this thesis work, namely 

laser induced fluorescence of aluminum-containing molecules and clusters, will not be 

presented here since they appear comprehensively detailed elsewhere. 1 

2.2. Experimental Apparatus 

The following sections describe the specific details related to the different 

components of experimental apparatus itself, as well as the laser systems employed and the 

data acquisition scheme. In characterizing the functional components of the newly­

constructed machine itself, the experimental design can be broadly subdivided into two 

principal categories - those dedicated to the various constituent parts of the source region, 
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and those dedicated to the implementation of the multiphoton ionization/time-of-flight 

(MPI/TOF) detection methodology. 

2.2.1. Source Vacuum Chamber 

The key to producing both very weakly bound van der Waals molecules as well as 

large van der Waals clusters is to be able to very efficiently cool the species of interest via 

three-body collisions within the initial supersonic expansion. At the beginning ofthis 

work, the target systems were Li•H2 and B•H2, which in the case of the former, possesses 

a calculated zero point binding energy of perhaps 4 cm·1
.
2 As a result, considerable effort 

was expended to ensure that the optimal expansion conditions could be attained. 

One key parameter in generating an efficient cooling expansion is the sheer amount 

of gas that can be introduced into the expansion with each duty cycle since higher number 

density of gas enhances the three-body collision probability. This simplifies to a mass 

balance problem where the number oftorr-l released by the source with each shot must be 

matched by the number oftorr-l that can be effectively pumped away in order to maintain 

a constant average source chamber pressure. 3 Since amount of gas introduced can be 

arbitrarily varied, the gas pumping system becomes the key design parameter. 

Near the time when the source chamber was being designed, work out of Scole' s 

group demonstrated that large helium clusters, with sizes ranging close to the ten thousand 

atom range, could be generated.4 For this experiment, an enormous 32,000 l/s (He 

pumping rate) diffusion pump was employed. Due to both space and financial constraints, 

such a brute force approach was not an option. Ultimately, the optimal compromise for 
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this apparatus was resolved to be the use of two Varian VHS-10 diffusion pumps 

employed in tandem. With this approach, a total combined pumping speed of 13,200 l/s 

(He) was achieved, while at the same time permitting the beam line to lie approximately 

5.5' from the floor. 

As is shown in Figures 2-1 and 2-2, the source chamber was designed around the 

need for two large diffusion pumps. The source chamber consists of two separable 

sections joined by a NW-320 (i.e., 320 mm or 12.75") ISO flange to flange coupling, each 

pumped by a single 10" diffusion pump (Varian VHS-10). The two custom chambers are 

best characterized as an asymmetrical reducing six-way cross (Figures 2-3 through 2-8) 

and a reducing four-way cross (Figures 2-10 through 2-12) respectively. Colloquially, 

these two chambers are referred to as the source cross and the source tee respectively, and 

this vernacular will be utilized for the remainder of this chapter. Both custom chambers 

(built by :MDC) are composed of 3/16" thick stainless steel tube. 

As seen in Figure 2-3, the source cross is a standard cross in two of the three 

dimensions, consisting of three orthogonally-oriented tubes of different diameter. The first 

tube oriented along the beam line (horizontally along the plane of the page) possess a 

nominal outer tube diameter of 12.75", with NW-320 ISO flanges on each end. A second, 

vertically oriented tube has a nominal 12" outer tube diameter with ASA-10 flanges on 

each end. The upper ASA-10 flange on the vertical tube was designed with a female 

precision key ( see Figure 2-7) such that exact alignment of experimental components 

mounted on the upper mating ASA-10 flange (shown in Figure 2-9) could be maintained 

in the event the mating flange was removed. Both of these tubes delineate the axes of 
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symmetry of this chamber, with the center lines along the horizontally-oriented tube along 

the beam line and the vertically-oriented tube intersecting at the center point of the 

chamber. 

Off-axis from these other two tubes is the third tube of this six-way cross shown in 

Figure 2-3b. This tube possess a 10" outer tube diameter, with NW-250 ISO flanges 

welded onto each end. As is evident from Figure 3b, this tube is offset by a distance of 

4.25" relative to the center of the chamber determined by the other two tubes. This offset 

is due to the fact that a completely variable source to skimmer distance was sought. With 

this offset, it is possible to introduce a laser vaporization laser pulse through the 1011 tubes 

directly into the source while the source remaines within approximately 1. 5 11 of the 

skimmer orifice. Such a design provides a complete range of source to skimmer distances 

to be accessible, greatly assisting in optimizing source expansion conditions. 

In addition, six 2-3/4" ConFlat half-nipples were added, three on each side, each 

separated by 45° angles as shown in Figures 2-4 through 2-8 . Each port has a 1.510" 

nominal outer tube diameter, with each 2-3/4" ConFlat flange raised 1.0" away from the 

main tube body. These auxiliary ports serve any number of purposes, primarily as 

electrical and gas feedthroughs. 

The second chamber, a reducing four-way cross shown in Figures 2-10 through 

2-12, is a stripped-down version of the asymmetrical reducing six-way cross described 

above. The horizontal tube along the beam line has, as before, a nominal outer tube 

diameter of 12.75", with NW-320 ISO flanges on each end. The bottom, vertically­

oriented tube has a nominal 12" outer tube diameter with standard ASA-10 flange welded 
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on the end. An additional port was added to the top of the chamber as a potentially useful 

feedthrough location, although it has remained unused to date. The port consists of a 

5.01 11 outer tube diameter half nipple with a standard ASA-4 non-rotatable flange. In 

addition, two 3/4" outer tube size diameter compression ports (quick disconnects in l\1DC 

nomenclature) were added, one on each side of the chamber. These compression ports are 

used to mount both the thermocouple gauge (DST-531 , Duniway Stockroom) used for 

monitoring the pressure when roughing out the chamber (via a Varian 531 Analog 

Controller, TCG-MTR-531 from Duniway Stockroom), as well as the iridium filament 

ionization gauge (1-075-N, Duniway Stockroom) used to monitor the basal source 

chamber pressure with the diffusion pumps engaged. A Granville-Phillips Model 307 

Vacuum Gauge Controller was used for all source chamber pressure measurements, as 

well as to monitor the VHS- IO foreline pressure for both diffusion pumps. 

As shown in Figures 2-1 and 2-2, each chamber is mounted on its own pumping 

stack, consisting of the chamber, a 10 11 electro-pneumatically actuated aluminum gate 

valve (VRC LP Series, now owned by the Kurt J. Lesker Company), al" thick aluminum 

baseplate, a 10" diffusion pump liquid nitrogen trap (Varian 316-10 Cryotrap), and a 10" 

diffusion pump (Varian VHS-10). Each chamber is mounted directly to the gate valves. 

In turn, each gate valve is bolted to the baseplate via the upper ASA-10 flange of the 

diffusion pump trap. In essence, the baseplate becomes sandwiched between the trap and 

gate valve, with the bolts supporting the ASA- IO flange of the diffusion pump trap passing 

through the baseplate, and screwing directly into the tapped holes in gate valve. Each 

VHS-IO diffusion pump is then mounted directly to the supported diffusion pump trap. 
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For future reference, there exists an aluminum gasket between the baseplate and the 

diffusion pump trap of the source tee. This is an adapter that was required due to the fact 

that both the baseplate and trap possessed o-ring surfaces that needed to be joined. 

A key concern when designing the source chamber was how to maximize access to 

the interior of the chamber, and in particular the source region. In order to solve this 

problem, the decision was made to treat the entire source chamber, complete stacks and 

all, as an exterior shell that could be peeled away from around the source at will, 

completely exposing the source region. To accomplish this, the stainless steel frame 

designed to support the apparatus was extended lengthwise by approximately 19" over 

what was required, and two six foot long, 0.6245/0.6240" diameter high-carbon steel 

ground rails (Thomson Case 60 Class PD) were mounted on the upper surface of the 

frame in the lengthwise direction. The rails were supported by a series of twelve (six on 

each side) 4.000" long low shaft supports (Thomson LSR-PD) spaced periodically along 

the length of the rails. In turn, on the bottom of each baseplate were mounted four open­

style pillow blocks containing 5/8" working bore diameter linear ball bushings ( custom 

order - Thomson Type SPB-10-OPN pillow block with Super Ball Bushing removed and 

replaced with an Open-type Series OPN 5/8 11 working bore diameter linear ball bushing). 

The pillow block were arranged two on each side of the baseplates to prevent any play in 

the baseplates, ultimately enabling both baseplates to be translated lengthwise along the 

length of the frame in a frictionless manner. Once the complete stacks were assembled 

onto each baseplate, the entire source chamber could be moved with ease along the length 

of the rails. In fact, the motion was so facile that the approximate half-ton of equipment 
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contained within the two stacks can be translated along the length .of the frame with the 

force from one's index finger. As will become clear in the following section detailing the 

source mount design, by mounting the entire source chamber on rails, we gain complete 

unrestricted access to the source region simply by releasing a single NW-320 ISO flange 

coupling and sliding the source chamber out of the way. 

The pneumatic gate valves were interlocked using a home-built circuit that 

monitored water flow to the IO II diffusion pump ( via a Proteus Model I 00C 110 flow 

switch), the temperature of the diffusion pump (via a Varian Klixon-300 thermal overload 

switch), and the diffusion pump foreline pressure (via a Hastings DV-6M thermocouple 

gauge monitored by a Granville-Phillips 307 Vacuum Gauge Controller). The Granville­

Phillips 307 controller outputs a pressure-calibrated DC voltage that was used as the 

pressure input for the interlock. This pressure is then subsequently compared to a preset 

DC voltage using a LM613 comparitor chip within the interlock. A failure signal from any 

of the three monitored components resulted in the gate valve being immediately closed, as 

well as immediate termination of power to the diffusion pump by tripping a power relay 

within the interlock box itself 

Both of the diffusion pump traps were cooled by a continuously circulating flow of 

chilled ethanol using a recirculating chiller (Model 2095, Form.a Scientific) rather than 

using costly liquid nitrogen. Both source chamber diffusion pump traps were cooled in 

series, with the asymmetric six-way cross placed first in the flow circuit. Copper 

refrigeration tubing (1/4 11 diameter) was used for the flow circuit, which was extensively 

wrapped in refrigeration tape to reduce the heat load. In order to inject the ethanol 
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directly into the trap, a 1/4" stainless steel Swagelock fitting was welded opposite to one 

of the ends of a l" stainless steel Swagelock elbow. The l" Swagelock end of this elbow 

opposite the non-standard 1/4" Swagelock fitting was subsequently attached to the l" 

diameter cryotrap fluid inlet. This way, the 1/4" copper refrigeration tubing serving as the 

fluid inlet line could be snaked through the 1/4" Swagelock fitting and directly into the 

bottom of the trap. Consequently, the cooled fluid was always introduced near the bottom 

surface of the trap facing the diffusion pump, insuring efficient mixing of newly injected 

chilled fluid with that already present in the reservoir. Fluid overflow from the 

continuously filling trap was allowed to flow back out around the inlet tube and back into 

the fluid circuit. Due to the poor cooling capacity of the recirculating chiller, an additional 

source of cooling was provided by an immersion chiller (Neslab CC-60) that was equipped 

with cold finger probe. The chilled finger probe was inserted into the ethanol reservoir of 

the recirculating chiller, resulting in a bath temperature of approximately -8 °C. 

Two types of diffusion pump fluids were used to charge the VHS-10 diffusion 

pumps during the course of this work. Initially, Krytox 1625 (ll per pump) was utilized. 

Krytox 1625, which is analogous to Fomblin, is composed of chains of 

polyperfluoroethers whose supposed hallmark is chemical inertness to most reactive or 

corrosive gases. Since reactive metals such as lithium and aluminum were experimental 

targets, the chemical inertness of this fluid seemed an ideal choice. Nevertheless, during 

the course of optimizing the MPI experiments, an enormous oil fragment background was 

observed with the Krytox 1625 fluid that could not be effectively eliminated by low 

temperature trapping. Consequently, the pumps were dropped and scrubbed out, and 
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charged instead with Santovac 5. Santovac 5 proved far superior to the Krytox 1625 fluid 

with respect to producing a minimal oil fragment background, and is strongly 

recommended for future use. The apparent chemical instability of the Krytox 1625 is a 

mystery, but might be the result of degradation catalyzed by aluminum shards that 

inevitably drop from the laser vaporization source and into the pumps. Nevertheless, the 

absence of visible aluminum particles in the Krytox 1625 fluid recovered while scrubbing 

out the pumps tends to indicate the true origin of the degradation might lie elsewhere. 

Initially, each VHS-10 was backed by a Leybold-Hereaus S30A single-stage direct 

drive mechanical pump rated to achieve a pumping speed of27 cfm. The recommended 

backing pump speed for optimal performance of the VHS-10 diffusion pump is 30 cfm in 

the limit that maximal gas loads are to be introduced. During the course of this work, it 

became apparent that 27 cfin was insufficient since diffusion pump fluid was observed to 

pool in the foreline after extended periods of use. This problem was especially severe for 

the diffusion pump dedicated to the six-way cross chamber since this pump lay below the 

pulsed valve and hence bore a greater proportion of the gas load. Replacement of this 

Leybold-Hereaus S30A with aLeybold-Hereaus D60A (36.7 cfm) was partially effective 

in reducing the problem of diffusion pump fluid loss. However, the problem was 

ultimately solved by changing the source design that allowed the experiment to be run at 

significantly lower average source chamber pressures - 1x10-4 torr instead of the 

problematic 8.0xl0-4 torr as will be outlined in Section 2.2.4.3. The source cross VHS-10 

foreline is presently backed by both the Leybold-Hereaus D60A and a Welch 1397B-01 

( 17. 7 cfm) that became necessary to add when the performance of the former deteriorated. 
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Presently, the base pressure achieved in the source chamber region after outgassing 

is typically in the high 10"8 torr range, 7.5xl0·8 
- 9.0x10"8 torr being a commonly observed 

benchmark. Note, however, that this base pressure has been attained only with both 

VHS-10 diffusion pumps pumping simultaneously. If the source is pumped by only a 

single diffusion pump, the base pressure is typically in the low 10·7 torr range. 

2.2.2. General Source Design.: Mounting and Align.ment 

As was alluded to in Section 2.2.1, a key design parameter for this apparatus was 

to have complete facile access to the source region. Most of this requirement was solved 

by placing the entire source chamber on rails as described in the previous section. The 

second part of the solution required mounting the source independently from the rest of 

the source chamber as shown in Figure 2-13. To accomplish this, a custom, 

multifunctional NW-320 ISO flange was used as a linker between the source region, and 

the second differential region housed by the REMPI chamber. This flange, colloquially 

referred to as the skimmer flange, is mounted onto a custom ASA flange on the REMPI 

chamber (see Figure 2-13 as well as Figures 2-67 through 2-71). The source chamber was 

mated to the skimmer flange via a NW-320 ISO flange coupling of the source cross, and 

was held in place by eight ISO double claw clamps. The source region, therefore, was 

technically an exterior component of the REMPI chamber, having neither attachment to 

the source chamber (outside of the NW-320 ISO flange coupling) nor the source chamber 

frame. 

The skimmer flange, shown in Figures 2-14 through 2-16, derived from a solid 
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NW-320 ISO flange that had been modified for two purposes - mounting both the 

molecular beam skimmer and the piezoelectric pulsed valve/laser vaporization source 

assembly. The front side ofthis flange (see Figure 2-14) faced the source cross chamber, 

and it was from this side of the flange the source assembly had been mounted. The back 

side of the skimmer flange facing the REMPI chamber (see Figure 2-15) exhibited two 

principal features. The first was a series of six 3/8-16 UNC tapped holes on a 8.000 11 

diameter bolt circle that served to mount the skimmer flange to the custom ASA flange of 

the RE:MPI chamber. The other main feature was a 6.000 11 diameter precision-keyed 

counterbore that served to mount the first component of the skimmer mount assembly ( see 

Figures 2-17 and 2-18). Ano-ring groove was also present to create a vacuum-tight seal 

between the RE:MPI chamber and the skimmer flange. 

For the skimmer, we sought a means by which the skimmer could be installed and 

replaced without having to handle the skimmer itself The solution was to build a three 

component clamp assembly shown in Figure 2-17. The three components, the skimmer 

mount, the skimmer base, and the skimmer clamp, are shown in Figure 2-17, Figure 2-18 

and Figure 2-19 respectively. The key components are the skimmer base and the skimmer 

clamp. The skimmer base has a 1. 10011 diameter precision-keyed counterbore (0.010 11 

deep) at the center of the piece that precisely matches the outer base diameter of all Beam 

Dynamics Model 2 skimmers. Therefore, the skimmer could be reproducibly mounted 

each time without the need to perform any realignment of the molecular beam. The 

skimmer is secured to the base by the clamp. This clamp keys directly into a groove in the 

base, and is secured to the base by six 4-40 UNC hex socket flat countersunk cap screws 
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that are flush with the molecular beam side of the skimmer assembly. The clamp also 

possesses a precision-keyed lip (0.015" deep) whose outer diameter exactly matches the 

outer base diameter of the Model 2 skimmer ( ¢ 1. 10011
) and whose inner diameter 

(¢1 .000") exactly matched the inner diameter of the Model 2 skimmer. This lip insures 

that a direct metal-to-metal contact is made between the base, skimmer, and clamp, 

allowing no play with respect to skimmer motion once the clamp is screwed gently into 

place. Hence, with the skimmer secured in the base-clamp assembly, the skimmer can be 

handled with ease, making installation and removal of the delicate Model 2 skimmer 

extremely facile. 

Upon examination ofFigure 2-17, the skimmer mount keyed to the back side of 

the skimmer flange may appear to be superfluous since the skimmer base-clamp assembly 

could have been keyed directly to the front side of the skimmer flange. Nevertheless, the 

assembly was designed in this manner for two reasons. The first was that a design was 

sought by which the skimmer could be mounted as close to the REMPI chamber as 

possible, permitting the minimal skimmer to MPI distance to be attained. The second 

reason for this design was that it permitted other types of experimental configurations to 

be installed without the need to totally redesign the skimmer mount. For example, in the 

event that ionic species were experimental targets, a very short skimmer to source distance 

would be desirable - one perhaps even less than that presently available. This mounting 

mechanism would permit the present skimmer mount to be removed, and another piece, 

perhaps a tube extension into the source cross, could be installed that also directly mounts 

the skimmer base-clamp assembly. Such versatility was a major impetus for this 
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apparently extraneous design feature. Hence, in the present configuration, the skimmer 

mount served as a flexible precision-keyed adapter between the skimmer flange and 

skimmer base-clamp assembly - one that likewise maintained the molecular beam 

alignment in the event disassembly was required. 

The other functional purpose for the skimmer flange was to serve as a support 

mount for the source components. Figure 2-13 a shows the principal components of the 

source mount as they would appear with the source chamber rolled back. Rather than 

attempting to present all the details of the present source configuration in a single figure, 

Figure 2-13a has been significantly simplified to include only the key elements upon which 

all other experimental components were later added. 

The guiding design principle for the source mount was the desire for a mechanism 

whereby complete variability in the source to skimmer distance could be attained while at 

the same time precisely maintaining the molecular beam alignment. The optimum solution 

was determined to be the implementation of a precision rail/precision bearing design. One 

of the two essential aspects of the source mount construction was the requirement for a 

rigid frame consisting of precision ground rails that would exhibit two key characteristics. 

The first was that the frame rails must be mounted perfectly perpendicular to the skimmer 

flange if proper alignment of the source and skimmer were to be attained. The second 

criterion was that the rails must not exhibit any downward deflection due to gravity over 

the length of the frame shafts. Such deflections would cause the source-skimmer 

alignment to vary over the length of the shaft, forcing realignment of the molecular beam 

each time the source was moved. 
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The three components of the source rail assembly are shown in Figures 2-21 

through 2-26. The first two parts were a set of three 304 stainless steel collars (see Figure 

2-21) and three source rails consisting of l" diameter Case 60 stainless steel precision 

ground shafts (Thomson Class L). The collars served as a coupling between the skimmer 

flange and the source rails. Each collar was slip-fitted over one end of the source rails, 

and was secured to the shaft by means of a completely countersunk 3/8-16 UNC socket 

head cap screw. Each of these three collar/shaft assemblies was then mounted to the 

skimmer flange by means of three 1/4-20 UNC socket head cap screws per collar. As is 

evident from Figure 2-14, the three collars were mounted on the skimmer flange in an 

equally spaced manner such the shaft centers lay precisely on a 9.000" diameter. When 

the skimmer flange was mounted on the RE:MPI chamber, the rails were arranged such 

that a single shaft lay precisely at the 6 o'clock position, while the other two shafts lay at 

the 2 o'clock and 10 o'clock positions respectively. The source rails (19.50" long) were 

extremely robust, with specifications indicating that deflection of the shaft fixed at one end 

and under a uniform gravitational load would be at most a few thousands of an inch -

much less than the accuracy with which the source could be aligned. 

To insure the rigidity of the frame as well as to eliminate the possibility of vibration 

within the shaft frame, a rigid support was designed for the free hanging end of the source 

rails. The components of the rigid back mount for the source rails is shown in Figures 

2-23 through 2-26. The basic design is shown in Figure 2-23, which shows the back 

mount looking from the perspective from the back of the source cross towards the 

skimmer flange. Each of the source rails was capped by an aluminum collar that slip-fit 
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without play around the shaft. Two 0.063" deep flats separated by 120° have been 

machined off two of the radial surfaces of each collar. Each of these flats has had three 

1/4-20 UNC tapped holes machined along the length of the shaft, that align with the slots 

of the support pieces (see Figure 2-26) that couple the collars together to form a rigid 

frame shown in Figure 2-23. Each collar also has had three 10-24 UNC tapped holes 

placed on the back surface that serves to mount a 1. 900" diameter by 0 .15" thick 

aluminum disk (see Figure 2-25) that served as a cap for each collar. Each of these caps 

possessed a central 0.404" diameter through-hole that permitted the cap-collar assembly to 

be screwed directly onto the source rails via a 3/8-16 UNC socket head cap screw. Each 

of the connecting joints was designed with some play to insure that the pieces could be 

easily joined with minimal tolerances, while insuring a sturdy, rigid structure once all 

screws were tightened down. 

The source mount, therefore, provided a rigid assembly of three straight rails that 

were perfectly orthogonal (within a 0.001" tolerance) to the skimmer flange. The second 

key aspect of the source design was the construction of a specialized "cart" that would 

mount the piezoelectric pulsed valve/laser vaporization source assembly precisely to the 

rails with no play between the two. The principal component of the translating cart is a Y­

shaped half-inch thick aluminum piece as shown in Figure 2-27. This piece will be 

referred to as the "Y-plate." The shape of this piece was due to the requirement that it 

serve two principal functions - that of mounting the ball bushings that couple to the Y -

plate to the source rails as well as the piezoelectric pulsed valve, while maximizing gas 

conductance to the source tee. In effect, the Y-plate was a potential baffle for the 
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majority of the post-expansion gas pulse that had struck the skimmer plate and had 

reflected backwards. The shape is essentially a reflection of the fact that all extraneous 

material that might hinder the conductance has been removed. 

The Y -plate was mounted to the source rails by three custom pillow blocks 

containing l II shaft diameter linear bushings. These pillow blocks were chimeras of two 

Thomson products, namely a l II shaft diameter Super Ball Bushing pillow block (Thomson 

SFB-16) and an Extra-Precision Series XA l II shaft diameter linear ball bushing (Thomson 

XA-162536). The pillow block for mounting the bushing is only sold containing a self­

aligning Super Ball Bushing that is designed to allow 0.5° of angular play. Consequently, 

a special order was made to purchase three pillow blocks that had the Super Ball Bushings 

removed and replaced with the Extra-Precision Series XA bushings. When installed on 

the Y-plate, one on each of the three "arms," these bushings permitted perfectly smooth 

translation of the Y-plate along the length of the rails with the Y-plate maintained 

perfectly orthogonal to the source rails with no detectable play. Note that the orientation 

of the pillow blocks relative to the Y-plate is arbitrary; they are presently oriented away 

:from the skimmer flange. 

The Y-plate was designed with a 3.375" diameter center hole that permitted 

clearance of the pulsed valve mount (see Part #10 of the pulsed valve shown in 

Appendix 2). The pulsed valve mount was designed such that its mounting flange would 

be bolted to the back side of the Y-plate (away from the skimmer flange) via four 10-24 

UNC tapped holes that surround the central hole on a 4.14" diameter bolt circle. The 

central hole was oversized to permit play in the position of the source mount, enabling 
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precise source to skimmer alignment to be attained. 

The Y-plate was also originally designed with four pairs of through holes that were 

separated by 1.250", each pair being offset from each of the center lines by 2.157" . These 

holes were designed to attach blocks shown in Figure 2-28 that were to serve as x-y 

translators for the pulsed valve mount. These have proved largely unnecessary, and have 

been removed from the Y-plate in the present source configuration. They were only really 

needed to support the position of the pulsed valve mount during alignment, and even then 

they were largely disposable. 

During the course of the experiments described in this thesis, two additional 

tapped holes were added to the Y-plate as shown in Figure 2-29. The purpose of this 

modification was to permit the mounting of two slotted right angle brackets ( see Figure 

2-30). These angle brackets were mounted such that the outer surface along the longer 

dimension was flush with the Y -plate horizontal flat directly above the two tapped holes. 

As will be described in detail below in Section 2.2.5, these brackets served the purpose of 

permitting a breadboard table to be mounted directly to the upper horizontal surface of the 

Y-plate. 

2._2.3. The Pulsed Valve Design, 

Several types of pulsed valves have been developed over the years as a means to 

generate pulsed molecular beams. 5 Guiding all of these designs has been the desire to 

achieve very cold supersonic expansion conditions that will either cool a molecule of 

interest to exceeding low rotational and vibrational temperatures, or permit clustering of 
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some species within the jet. The ideal pulsed valve would possess two main properties 

essential for the generation of ultracold supersonic expansions - the ability to open at very 

high backing pressures and the capacity to exhibit full, unchoked flow over the shortest 

possible opening times. These criteria permit the maximal amount of gas to be introduced 

over the minimal time, a performance standard essentially all pulsed valves strive to 

achieve. 

Each valve that has been developed to date possesses its own unique set of 

advantages and disadvantages that one must weigh when choosing a particular valve for a 

pulsed beam experiment. Perhaps the best pulsed valve in terms of satisfying the above 

criteria is the magnetic current loop design developed by Gentry and Giese. 6 In this 

design, very high opposing electric currents are pulsed between a faceplate containing the 

pulsed valve orifice and a 1. 7 mm thick steel bar with an I-beam-shaped cross section. 

The two opposing currents actuate the opening of the valve by generating a very strong 

repulsive force between the faceplate and the steel bar, causing the bar to flex. This, in 

turn, transiently permits gas to flow through the valve orifice. The performance of this 

valve is unsurpassed to date, generating gas pulses as short as 7 µs FWHM. The 

disadvantage with this valve, however, is the requirement that several amperes of current 

must be supplied in order for proper actuation to occur. This places severe demands on 

the power sources used to drive the valve. This in tum limits the repetition rate at which 

this valve can be run, achieving optimal performance only within the 10 - 20 Hz range. 

The other principal drawback of this valve is that it runs very hot due to the high power 

dissipation within the valve. This required that the valve be externally cooled through 
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some heat exchanging mechanism. 

A second type of pulsed valve which is widely used is based on a solenoid 

mechanism. 5 The solenoid valve is essentially the same technology as the fuel injectors 

used in automobile engines. To actuate this valve, a current is run through the solenoid, 

which exerts a magnetic force on the valve plunger containing a ferromagnetic core 

material. These valves are popular because they can be bought off the shelf from General 

Valve, but they have the reputation of being notoriously unreliable, requiring maintenance 

on the order of every few days during periods of extensive use. 

The last general style of pulsed valve design is based on the use of the piezoelectric 

effect as a means to actuate a valve. 5'
7 Piezoelectric materials possess the unique property 

of altering their dimensions with the application of a potential difference across the crystal. 

While many varieties of piezoelectric valve have been designed over the years, they all 

function in a similar manner. Typically, a disk of some piezoelectric material is employed 

with the pulsed valve plunger mounted at the center. With the application of voltage 

pulses, generally 500 - 1000 V, the piezoelectric disk alters its dimensions, forcing it to 

flex backwards. This pulls back the plunger from the sealing surface, permitting gas to 

flow transiently during the duration of the applied voltage pulse. 

Since piezoelectric elements are essentially capacitors that require only minimal 

amounts of current to achieve the desired potential difference across the ceramic, they 

have the advantage of requiring very little power, placing minimal demands on the 

electronics needed to drive the valve. Consequently, these valves can be run at very high 

repetition rates ( often in the kHz range) without significant heating. Furthermore, their 
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performance is at least equal to and, in general, surpasses that of the solenoid valve, 

especially with respect to reliability. Gas pulses as short as 100 µs FWHM have been 

reported with a piezoelectric actuator, but such short opening times are believed to 

involve partially choked flow.7 A reasonable performance estimate for a piezoelectric 

valve is the capability of producing full flow, unchoked gas pulses somewhere in the range 

of 150 - 200 µs FWHM in duration. 7 

When originally designing the experiment, the initial desire was to use a 

commercially available valve based on the current loop design sold from the R. M. Jordan 

Company. However, the disadvantages of this valve - the need to design or purchase 

specialty electronic pulsers, the need to cool the valve, and the lack of flexibility with 

respect to mounting additional source elements such as a laser vaporization source - were 

ultimately deemed to outweigh the great advantage of this valve, namely performance. 

The pulsed valve chosen for these experiments was one based on the piezoelectric design. 7 

Such a valve had been successfully employed within the lab previously.8"
9 Therefore, a 

great deal of practical knowledge as well was electronic resources were readily available 

within the lab already. 

2.2.3.l. The Original Piezoelectric Pulsed Valve Design 

The piezoelectric pulsed valve used for all the experiments described in this thesis 

derived from the original design by Trickl and Proch. 7 This valve used a circular 

piezoelectric bimorph disk (Physik Instrumente, University Model P-286.23) as the 

actuator. These disks were convenient to use because they come pre-mounted on a 
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0.020" thick stainless steel backing within their own stainless steel frame. These pre­

packaged piezo elements also possess a convenient central hole of0.394" diameter. This 

central hole is a useful feature that enabled easy mounting of retractable plunger element 

to be affixed to the piezo in a mechanically sturdy and reliable manner. 

As shown in Figure 2-31, the pulsed valve that was constructed for these 

experiments was an exact replica of the Trickl and Proch design except for the faceplate. 

For the benefit of future users of this valve, the complete set of machine drawings for the 

valve as well as several useful accessory parts are reproduced in Appendix 2. For clarity, 

please note that the numbers in Figure 2-31 correspond to the part number for each 

individual part drawing compiled in Appendix 2. The faceplate piece was modified from 

the original design for two purposes - to readily mount an adaptor piece (see Figure 2-32) 

that would serve to couple the valve to the laser vaporization source (see Figure 2-33) and 

to permit the faceplate to be bolted directly to the pulsed valve housing (Part # 10 in 

Figure 2-31 and Appendix 2). The drawings depicting three different views for the 

modified faceplate are reproduced in Appendix 2 as Part #2. 

The basic mechanism of operation for this valve was simple, making it facile to 

use. The sealing element was a poppet (Part #7 in Figure 2-31) that was machined to 

a) mount a 0.042" I.D. x 0.050" thick viton o-ring (Parker #2-2002) on one end, 

b) possess a slot on the other end to accommodate a standard screwdriver, and c) to 

exhibit a 8-36 UNF threaded outer diameter along most of its length. Theo-ring made a 

tight seal around the 1 mm (0.039") diameter valve oriface (Part #5 in Figure 2-31 or 

adaptor shown in Figure 2-32). The poppet was then secured to the piezoelectric element 
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by two pieces. The first was an aluminum adaptor (Part #5 in Figure 2-31) that was 

drilled and tapped through centrally for a 8-36 UNF thread. This thread mated directly to 

the poppet, enabling the o-ring tension between the poppet and the oriface sealing surface 

to be easily adjusted. The other features of the adaptor were a precision key that enabled 

the adaptor to mount the piezoelectric element central hole without play, as well as an 

exterior 5/16-40 thread that mated to an electrically insulating nut (Part #6 in Figure 

2-31). This nut locked the poppet/adaptor securely to the piezoelectric disk while 

ensuring that no arcing would occur between it and the piezoelectric element. Another 

nut (Part #8 in Figure 2-31) was used to lock the poppet in place once the proper sealing 

tension was achieved. 

The piezoelectric element itself was secured to the valve faceplate by four 3-48 

UNC threaded posts (Part #4 in Figure 2-31 ). In the original Trickl and Proch design, 

these posts were welded directly into the valve body. This had the disadvantage that if 

one of the posts was stripped, fixing it meant machining out the post and re-welding a 

replacement. These removable posts circumvented the danger of stripping the threads 

since any of the posts can be replaced with ease. A word of caution is required, however, 

when adjusting the piezoelectric disk tension by tightening down on the 3-48 UNC 

locknuts. Since the posts are not permanently fastened to the valve faceplate, they can 

become very slightly undone if during the course of adjusting the locknuts one of them is 

turned counterclockwise. This will cause the piezoelectric disk to seat at a slight angle 

that may make it difficult to achieve a proper seal. If a proper seal is found to be difficult 

to attain, it is highly recommended to remove the piezoelectric disk and check whether any 
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of the posts has loosened 

The piezoelectric element was seated on top of a stainless steel disk (Part #9 in 

Figure 2-31) that has an o-ring groove and o-ring (Parker #2-029) added to the surface 

facing the piezoelectric element. This o-ring was originally added as a means to assist in 

dampening any mechanical vibrations arising from the operational poppet driver assembly. 

Experience has shown that the valve functions well with the piezoelectric element clamped 

rather tightly but not quite completely against the steel seating disk and o-ring. 

The valve body was designed in such a manner that adjustments to the valve 

poppet could be made without having to disrupt the source and the other experimental 

elements that were mounted on the faceplate. The main body of the pulsed valve consists 

of two parts - the faceplate (Part #2 in Figure 2-31) and the back housing (Part #1 in 

Figure 2-31). As was discussed above, the faceplate bolts directly into the pulsed valve 

housing (Part # 10 in Figure 2-31) which in tum bolts directly to the Y-plate of the source 

mount. The back housing, however, bolts directly to the faceplate via eight 5-40 UNC 

tapped holes placed on a 2.450" bolt circle on the back of the faceplate. Removal of the 

back housing can therefore be achieved without having to remove the faceplate from the 

pulsed valve housing. Furthermore, since the entire piezoelectric actuator is mounted to 

the faceplate, complete access to the poppet was possible in the event the o-ring tension 

needed adjustment. 

The performance of the newly constructed valve was consistent with the 

specifications reported by Trickl and Proch. 7 The piezoelectric disk was driven by a 

homebuilt high voltage pulser whose design has been previously outlined. The pulser was 
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capable of generating pulses typically between 200 µsand 325 µsat 350 - 800 V. 

Diatomic species described in this thesis could be readily formed at virtually any 

pulsewidth, but generation of large clusters such as those presented in Chapter 5 required 

rather long pulsewidths ( typically 3 25 µs) to create a stable source. The pulsewidth of the 

gas pulses themselves have never been directly measured using fast ionization gauge. 

Nevertheless, during the early stages of the experiment when laser induced fluorescence 

(LIP) detection was being employed, the time delay between the pulsed valve opening and 

the LIP probe provided a means to indirectly measure the gas pulsewidth. 1 Such 

measurements provided an upper bound of a 270 µs gas pulsewidth for a minimal valve 

opening time, which in tum yielded an approximate 200 µs FWHM time. 1 Such 

performance was directly comparable to that reported by Trickl and Proch. 7 The valve 

also functioned over a complete range of backing pressures up to 10 atmospheres without 

any adjustments required in the valve poppet o-ring sealing tension, greatly facilitating 

source optimization. 

One major disadvantage of this valve that was discovered over the course the 

experiments is that it was completely incompatible with helium as a carrier gas, and 

moderately incompatible with neon. With helium, the voltage required to maintain a 

constant source pressure needed to be constantly raised until ultimately the valve ceased to 

open. This problem was especially pronounced when high backing pressures of helium 

carrier gas were utilized. Under such circumstances, the piezoelectric element did not last 

more than about an hour before breakdown. Neon carrier gas exhibits much of the same 

behavior, but over the period of days rather than hours. Furthermore, the piezoelectric 



36 

disk could often be salvaged after short periods of running in neon, although requiring 

greater opening voltages than usually needed to be applied. According to Physik 

Instrumente, the manufacturer of the Model P-286.23 piezoelectric disk, helium can 

penetrate into the ceramic, leading to discharges within the crystal that ultimately result in 

mechanical failure. The inability to use helium during the course of the experiments was a 

major disadvantage, especially in situations where its use in varying source conditions 

would have been useful. A solution to this problem will be discussed in Section 2.2.3 .2 

where an alternate pulsed valve design has been developed, employing a new type of 

piezoelectric ceramic that is compatible for use with both helium and neon carrier gases. 

2.2.3.2. Modified Design 

One disadvantageous aspect of the early laser vaporization sources described 

below in Section 2.2.4 was the fact very high source chamber pressures needed to be 

employed in order to generate a larger Al• Arn clusters (n > 40). This placed exceeding 

high demands on the source cross diffusion pump, forcing the pump to transiently run near 

a regime very close or within the stalling pressure during the peak of each gas pulse. 

Evidence for this came from the pooling of diffusion pump fluid predominantly in the cross 

foreline during the large Al•Arn cluster work described in Chapter 5. The source of this 

problem was believed to arise from the fact that the pulsed supersonic expansion from the 

laser vaporization source was rather inefficient in cooling the species within the jet. Part 

of this was attributed to the laser vaporization source itself, and the details related to how 

the source itself was modified is detailed in Section 2.2.4.3 . 
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The other cause of the problem was deemed to arise from poor functioning of the 

pulsed valve itself. Specifically, two features were identified as potentially problematic. 

The first of these was the length of the gas channel between the valve and the laser 

vaporization source due to the need for the adapter piece between these two elements ( see 

Figures 2-32 and 2-33). By adding an additional 0.395" in length to the gas channel, the 

adapter was believed to be possibly responsible choked flow within the source, potentially 

leading to turbulence and ultimately limiting the efficiency of the expansion. The other 

potential problem that was identified was due to the o-ring seal on the poppet used to seal 

the valve. Work out of Vladimir Bondybey's group had found previously that the rising 

edge of the gas pulse can have a significant influence on the degree of clustering that can 

be observed with laser vaporization sources. 10 In general, a correlation between fast gas 

pulse rising edges and greater clustering was observed. 10 O-ring seals were found to be 

non-ideal since there is an intrinsic time delay between when the poppet retracts and when 

the gas can flow. In fact, due to its elastic nature, the o-ring can permit small leakage to 

occur before the o-ring can be completely pulled back from the sealing face, effectively 

lengthening the gas pulse. 

In light of these potential problems, two principal modifications were made to the 

piezoelectric pulsed valve. The first was to the piezoelectric pulsed valve poppet. Instead 

of using an o-ring seal, a different seal that used a hard plastic poppet tip sealing against a 

polished metal surface was employed in the same manner as had been successfully 

implemented by Bondybey's group. 10
-
11 By changing to this new seal, there was the 

reasonable expectation that all gas flow would occur almost instantaneously when the 
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poppet was retracted, yielding gas pulses with rise times comparable to the response time 

of the piezoelectric disk itself 

To execute this new design, the original poppet (Part #7 in Figure 2-31) was 

replaced with a new poppet (see Part #7 in Figure 2-34 as well as Figure 2-37 for 

drawing) . This new poppet was longer than the original poppet, and was designed with a 

0.040 11 diameter by O .10011 deep central channel instead of the o-ring adapter of the old 

poppet. This channel was designed to accommodate a hard plastic tip shown in Figure 

2-38. Two materials, Vespel-SPl and Kel-F, were originally chosen as good candidates 

for the tip . Vespel-SPl is a remarkable high-performance polyimide that was originally 

developed to withstand the heat of jet engines. Among its properties are high strength and 

low wear, as well as operating temperatures between -400° to +500° F. In addition, 

Vespel-SPl machines very well, more like brass rather than typical softer plastics. Kel-F 

was chosen as an alternate candidate since it had been shown previously to function well 

as a poppet tip in a cryogenic pulsed valve developed by Continetti. 12 

To date, only the Vespel-SPl poppet tip has been installed, but its performance has 

far exceeded any expectations. Once properly seated, the Vespel-SP 1 poppet tip has not 

had to be replaced even after almost ten months of regular use. Furthermore, not a single 

adjustment has had to be made to the poppet to adjust for any leaks. This suggest that 

Vespel-SP 1 will not deform even after extensive use. Another advantage to using 

Vespel-SPl was determined during the process of getting the valve to seal. As was 

alluded to earlier, the key to getting this valve to run properly is to attain a perfect seal 

between the plastic tip and the polished stainless steel face. Since polishing after cutting 
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the plastic tip sealing face was not an option since it distorted the sealing face, a perfect 

smooth and flat cut had to be achieved initially. The ease with which Vespel-SPl can be 

machined enabled perfectly flat and smooth surfaces to be generated directly on the lathe 

whereas Kel-F, due to its softer nature, had a tendency to "pull" slightly when the cutting 

tool was applied. This resulted in tiny radial grooves in the Kel-F tip that were not present 

in the Vespel-SPl tip. For these reasons, Vespel-SPl is very highly recommended for use 

in pulsed valve applications in the future. 

As a backup poppet in the event that the Vespel-SPl-tipped poppet was unable to 

be implemented, a second poppet (see Part #7 in Figure 2-35 as well as Figure 2-36 for 

machine drawing) was also made that possesses an a-ring (Parker #2-2002) as the sealing 

mechanism. Due to the success with the other plastic-tipped poppet style, however, the 

a-ring poppet has not been installed. Nevertheless, for situations where fast gas pulse rise 

times are not important, this poppet will undoubtedly function quite well. 

Both poppets were extended to permit the orifice sealing surface to be placed 

directly behind the laser vaporization source as shown in Figures 2-34 and 2-35. To 

minimize excess weight on the poppet as a result of this extension, both poppet types were 

significantly hollowed out to remove as much excess material as possible without 

compromising the mechanical stability of the part. 

The second major modification to the pulsed valve was to change the adapter piece 

between the faceplate of the piezoelectric valve and laser vaporization source in order to 

eliminate as much of the gas channel as possible. The new adapter piece is shown in 

Figure 2-39, as well as in Figures 2-34 and 2-35 where it is shown sealing against the two 
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new poppet designs. In the event that the Vespel-SPI-tipped poppet is to be used (see 

Figure 2-34), it becomes imperative that the stainless steel surface to which the Vespel-

SP I tip seats be as flat and as polished as possible. Equally important is the requirement 

that the edge of the oriface channel be maintained at 90°, i.e., extreme care should be 

taken not to round these edges while polishing the sealing face. Due to the small diameter 

of the Vespel-SPI poppet tip sealing face, rounding the edges of the oriface dramatically 

reduces the surface area upon which the poppet can contact the steel face, rendering a 

fully leak-tight seal dificult to attain. 

As is evident from comparing Figure 2-39 with Figure 2-32, two principal changes 

were made with the new adapter design. The first was to machine away what used to be 

an extended gas channel to place the poppet sealing surface very close (within 0.055") to 

the laser vaporization source that mounted to the front face. This effectively reduced by 

almost half the distance the gas would have to travel before reaching the terminal 

expansion point at the end of the laser vaporzation source. The other change was to 

machine a constriction into the piece such that a 0.380" outer tube diameter (0.040" thick) 

tube joined the flange mating to the pulsed valve faceplate on one end and the laser 

vaporization source on the other. The purpose of this constriction was to minimize 

thermal conductance between the two components mounted to each end in the event that 

the laser vaporization source was cooled. Since the piezoelectric element only functions 

well at temperatures above 0 °C, heat conduction must be minimized in order to maintain 

proper valve function. 

These modifications were a dramatic improvement over the original pulsed valve 
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design. With these changes as well as the implementation of the third generation laser 

vaporization source described in Section 2.2.4.3, identical large Al•Arn cluster 

distributions were obtained to those before, but at a substantially lower operational source 

chamber pressure - lxl04 rather than 8.0xl04 torr. Consequently, the problem related to 

running the diffusion pumps regularly at or near their stalling regime, namely the pooling 

of diffusion pump fluid in the source cross foreline, was eliminated. 

2.2.3.3. Modified Design for Use with Helium Carrier Gas- Christian Berg 

Piezoelectric Valve Design 

As was alluded to earlier in Section 2.2.3 .1., a major drawback of the original 

pulsed valve design was the unwelcome discovery that the Physik Instrumente Model 

P-286.23 piezoelectric disk that served as the basis for the valve was incompatible with 

use of helium and, to a certain degree, neon carrier gases. Fortunately, Thomas Schindler, 

a recent graduate from Vladimir Bondybey's group at the Techniche Universitat Munchen, 

brought to our attention a different type of piezoelectric valve that had been developed by 

his graduate co-worker, Christian Berg. This valve, based on the P-910.759 piezoelectric 

disk translator (Physik lnstrumente) was compatible for use with helium. Fortunately, 

Christian Berg was willing to share his valve schematics, and it became evident that the 

valve constructed for these experiments could be retrofit to utilize this new design. 11 The 

parts that were designed as part of this retrofit are essentially identical to those originally 

designed by Berg. Some minor modifications, especially with respect to the mounting 

mechanism, were required from the original design, but nevertheless follow closely the 
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parts derived from the original Berg valve. 

A key consideration for this retrofit was to enable both styles of piezoelectric 

valve, namely that from Trickl's design and Berg's design, to be readily interconverted. 

Ultimately, the only piece that needed to be replaced from the original Trickl design was 

the stainless steel seating disk for the P-286.23 piezoelectric disk (see Part #9 in Figure 

2-31). The rest of the Trickl valve was able to be used unmodified. 

The retrofit entailed replacing the original P-286.23 piezoelectric disk with the 

P-910.759 piezoelectric driver element. However, unlike the P-286.23 piezoelectric disk 

that comes both pre-mounted on a stainless steel backing as well as with the high voltage 

lead affixed to the ceramic, the P-910.759 piezoelectric disk translator can only be 

purchased as the ceramic itself Therefore, to use this new ceramic, one must provide 

both a backing and a means to apply the high voltage to the ceramic. Most of the parts 

that needed to be machined were dedicated to serving both of these functions. 

The new components that were fabricated to implement the Berg design are shown 

in Figure 2-40 and 2-41 as they would appear with use of the new Vespel-SPl-tipped 

poppet and o-ring poppet respectively. A complete set of machine drawings for the parts 

that compose the Berg piezoelectric valve design have been included in Appendix 3 . 

To mount the piezoelectric disk, a backing similar to that provided by Physik 

Instrumente for the P-286.23 was utilized. This backing (see Part #4 in Figures 2-40 and 

2-41) was composed of a O. 020 thick metallic disk whose outer diameter ( <p 1. 5 00 ") 

exactly matched the outer diameter of the P-910. 7 59 piezoelectric element itself ( see Part 

#3 in Figures 2-40 and 2-41 ). In order to insure a very stiff response time, and hence a 
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more impulsive opening, titanium was employed by Berg in his original design. Since a 

flat titanium disk was found to be too stiff, a series of radial "bumps" were machined into 

the surface of the titanium disk opposite to the surface at which the piezoelectric disk was 

affixed. These grooves serve to lower the mechanical resistance of the disk towards 

flexure. Stainless steel backing disks can also be employed in direct analogy to the 

original P-286.23 disk translator. This backing must be electrically grounded to the valve 

body in some manner. For the titanium disk, spot-welding a steel lead to the backing disk 

combined with additional reinforcement provided by the application of an electrically­

conducting epoxy was employed. The stainless steel backing can be grounded by 

soldering an electrical lead to the back side with the aid of acid flux. This flux must be 

washed off thoroughly after use to prevent corrosion. 

To provide the negative high-voltage required to actuate the piezoelectric 

translator, the P-910.759 piezoelectric element rests on a steel HY-contact ring (see Part 

#2 in Figures 2-40 and 2-41). The contact surface of this ring is curved such that the 

piezoelectric element surface has only a point contact around the circumference of the 

ring. Into the bottom of the ring, slots or holes can be machined to provide a location into 

which the high voltage lead can be soldered into place. In the present part, a slot was 

machined into the bottom surface that permitted a copper stranded electrical lead to be 

soldered in place such that the solder and lead lay below the ring surface. Note that acid 

flux must also be used here to make this electrical connection, and this flux must be 

cleaned thoroughly once soldering is complete. 

The HY-contact ring is seated in a Teflon mount (see Part #I in Figures 2-40 and 
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2-41) that replaced Part #9 of the original Trickl and Proch design (see Figure 2-31). This 

mount is designed to be multifunctional. First, this mount seats the RV-contact ring, 

providing an electrically insulating housing for this element. Due to the soft nature of 

Teflon, the mount also serves to dampen the mechanical vibrations induced when the 

piezoelectric driver assembly is actuated. Consequently, the o-ring present in Part #9 of 

the original Trickl and Proch design has been eliminated. Furthermore, this piece assumed 

the function of adapting the piezoelectric driver assembly to the original pulsed valve 

faceplate by mounting directly to the 3-48 UNC posts of the original valve. A final feature 

that has been designed into the mount was both a slot within the mount seating surface 

with the RV-contact ring, as well as a small groove placed on the outer diameter of the 

piece. The slot permitted access for the RV-contact ring electrical lead. Hence the slot in 

which this lead was mounted should be placed directly adjacent to this slot to ensure that 

the RV-contact ring seats flush with the mount. The groove in the outer diameter served 

as a useful access channel for the electrical lead between the RV feedthrough at the back 

of the valve and the RV-contact ring. 

The last two principal components of the retrofit were related to the mechanism by 

which the piezoelectric disk was fastened against the RV-contact ring seated in the Teflon 

mount. The first of these components was a Teflon gasket ( see Part #5 in Figures 2-40 

and 2-41). The outer diameter of this gasket keyed to the inner counterbore of the Teflon 

mount accommodating the piezoelectric element. The second component was a stainless 

steel clamp disk ( see Part #6 in Figures 2-40 and 2-41). This clamp disk mounted directly 

to the 3-48 UNC posts of the original pulsed valve faceplate, serving to clamp the 
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piezoelectric translator in place between the RV-contact ring and the Teflon gasket when 

the 3-48 UNC nuts that secure the assembly to the faceplate were tightened. A groove 

was machined on the outer diameter of the stainless steel clamp disk similar to that used in 

the Teflon mount to permit an electrical lead to be readily introduced to the RV-contact 

nng. 

The other components of the Berg retrofit are identical to those designed to 

modify the original pulsed valve design as was discussed above in Section 2.2.3 .2. These 

include the Vespel-SPI-tipped poppet (Part #7b and Part 7c in Figure 2-40) as well as an 

o-ring poppet (Part #7a in Figure 2-41). The final component is the steel adapter (Part #8 

in Figures 2-40 and 2-41) coupling the pulsed valve and the laser vaporization source. As 

is evident by comparing Figures 2-40 and 2-41 with Figures 2-34 and 2-35, both the Berg 

design and the original Trickl and Proch design are completely interchangeable, enabling 

one to convert from one style to the other within minutes. 

The main obstacle to completely implementing the new Berg design has been the 

inability to procure a proper epoxy adhesive with which to secure the P-910.759 

piezoelectric disk to the metal backing. The problem derived from the necessity that the 

epoxy be electrically conducting such that a proper ground contact can be made between 

the piezoelectric and the backing. Berg, in his original design, was able to locate a proper 

epoxy (Silber-Leitkleber Epoxy 3021B Electrolit 489) from a German company called 

Burklin located in Munich. 10
•
11 This epoxy is impregnated with tiny silver particles that 

render the epoxy electrically conducting. Unfortunately, Burklin will not ship the epoxy to 

the United States. While a postdoctoral fellow within the group, Thomas Schindler was 
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able to locate a potential replacement electrically conducting epoxy, KL-325K, sold by the 

Kurt J. Lesker Company. This epoxy was tried, but it proved unsuitable for use with the 

P-910.759 piezoelectric element. The KL-325K epoxy had the unfortunate property that 

it dried much like a porous ceramic rather than dense polymer matrix. During use with 

this epoxy, blue sparks were observed to emanate from the high voltage face of the 

piezoelectric, indicative of poor electrical contact between the piezoelectric disk and the 

backing. Electrical breakdown within the porous matrix was believed to be the origin of 

these sparks that ultimately degraded the piezoelectric performance. 

For a long time a proper electrically conducting epoxy has been sought. Recently, 

Martin Beyer, another graduate student from Bondybey's group, has brought to our 

attention another supplier of electrically conducting epoxy - Epoxy Technology, Inc., 14 

Fortune Drive, Billerica, MA 01821 (1-800-227-2201). 13 If a suitable epoxy is found, this 

new design based on Berg's pulsed valve should be readily implemented, ultimately 

solving the present helium incompatibility problem with the present pulsed valve. 

2.2.4. Laser Vaporization Source Design 

Since its first implementation by Smalley and co-workers in the early 1980' s, laser 

vaporization has evolved into one of the most widely utilized techniques to generate 

molecules and clusters containing refractory elemental materials. l4-lS One reason behind 

the popularity of laser ablation/pulsed beam expansion techniques derives from its 

simplicity. In a standard laser vaporization experimental configuration, a laser is tightly 

focused onto the surface of a target rod or disk containing the elemental material of 
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interest. The target is generally placed within the source such that the ablation point lies 

within or directly adjacent to the gas channel through which the expansion gas will pass. 

At or near the time at which the gas pulse will traverse the target region, a focused laser 

pulse is fired onto the target surface, ablating a small region of the surface to generate a 

plasma containing the refractory element of interest. These plasmas can be rather hot, 

exhibiting measured temperatures within the 5000 - 10,000 K range. 19 Following ablation, 

the plasma becomes entrained within the gas pulse within the gas channel, where it begins 

to cool due to collisions with the buffer gas. The majority of the cooling occurs during the 

supersonic expansion, which can take place immediately at the ablation region, or far 

downstream of extended collisional regions or "waiting rooms. "20 Expansions 

immediately following laser ablation have tended to function well as a means to generate 

mixed solvent-atom clusters with small numbers of the refractory atoms. Waiting rooms, 

however, tend to be more useful when large atomic clusters are sought since the turbulent 

mixing within these regions greatly enhances the probability of three-body collisions 

before the gas pulse even reaches the expansion point. 20 

Unfortunately, much of the fundamental physics behind laser ablation is utterly 

unknown at this point in time. Therefore, the creation of an effective laser vaporization 

source is often one part empirical knowledge, one part black magic. Guided only by 

precedent, one is often left to his or her own devices ( or prejudices) to judge the best 

means to cool the ablated plasma and generate the species of interest. 

Like most who have employed this technique over the years, a great deal of 

empirical evidence has been gathered during the course of this thesis work regarding both 
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favorable and unfavorable laser vaporization conditions. The laser vaporization sources 

utilized to generate aluminum-rare gas clusters (Al•(RG)n) have gone through several 

stages of iteration that will be presented in the following three sections. 

2.2.4. 1. First Generation Laser Vaporization Source 

During the initial stages of the laser vaporization source design, a great deal of 

effort was placed into trying to minimize the formation of multimeric clusters of aluminum 

atoms. Instead, what was sought was a means to cluster a given solvent around 

predominantly monomeric aluminum atoms. The initial laser vaporization source that was 

fabricated was derived from a source design from Costes' group that employed laser 

ablation of aluminum target rods. 21 This design was initially attractive because of the 

report that mostly monomeric aluminum was generated by the source, with only minor 

amount of aluminum dimer detected. Intriguingly, essentially no trimeric or higher species 

were observed, indicating that this design might function well as a means to generate 

predominantly Al•(RG)n clusters. 

Past published reports from groups using laser vaporization had established that 

for this technique to work well, the target rod or disk had to be constantly moved with 

each laser shot. 14-
18 Why this motion is so rigorously required is still not completely 

understood at a physical level, but has nevertheless been attributed to the fact that 

repeated shots to the same point on the target somehow anneals the surface, changing 

both the atomic configuration as well as the physical properties of the surface atoms. By 

insuring that each laser pulse strikes a clean region on the target, one can presumably 
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reduce this annealing process, thus ensuring a stable source with high shot-to-shot 

reproducibility. 

For the first laser vaporization source design, both a source itself as well as a 

mechanical mechanism by which to drive the target were designed. The components of 

the first generation laser vaporization source are presented in Figures 2-42 through 2-53. 

Due to the ready availability of stock aluminum rods (2024 or 6160 alloy) in an enormous 

assortment of pre-fabricated diameters, a source that employed rods as the laser 

vaporization target was initially chosen. 

The first two components of the first generation laser vaporization source 

assembly were related to the source itself, the adapter piece (Part #2) being identical to 

that presented earlier in Section 2.2.3.1 as part of the original pulsed valve design (see 

Figures 2-32 and 2-33). Following Costes' published design,21 the source (see Figures 

2-44 through 2-47) consisted of an initial 0.355" long, 1 mm diameter channel, that 

subsequently opened up at 45° to a 0.145" long, 0. 100" diameter pre-expansion channel. 

The 3/16" nominal diameter target rod was placed 0.025" downstream of the beginning of 

the pre-expansion channel, and the target rod ablation surface was offset by 0.020" from 

the center line as determined by the center of the gas channel. A 0.050" diameter channel 

was machined through the source body perpendicular to the gas channel to permit the 

introduction of the laser vaporization laser directly into the source and onto the target rod 

surface. The 0.050" diameter channel placed behind the target rod allowed for precise 

alignment of the laser vaporization laser through the source once the rod was removed. 

No effort was made at this stage to try to reduce the efflux of gas through these channels 
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during each gas pulse. 

Following the pre-expansion channel, the source opened up at 90° to the front 

surface of the source. Therefore, the end of the pre-expansion channel was reasonably 

assumed to represent the origin of the supersonic expansion, and hence was termed the 

expansion region. The cooling efficiency of the expansion from this source was not 

completely characterized since this design was employed for use during the initial LIF 

experiments detailed previously. 1 Therefore, cluster distributions such as those that can be 

obtained from REMPI/TOF measurements cannot be reported. Nevertheless, electronic 

transitions between the ground Al(3p )• Ar electronic manifold to both the excited 

Al(4s)•Ar and Al(3d)•Ar electronic manifolds were observed with LIF using this source, 

indicative of the fact van der Waals molecules could be produced. Evidence for higher 

cluster was ambiguous due to the inability to assign any spectral features definitively to 

species larger than Al•Ar. 

One disturbing observation uncovered during the use of this source was a very 

asymmetric deposition of aluminum on the face of the expansion region. Specifically, a 

sharp pronounced deposit was only observed at the three o'clock position of the 

expansion region surface face as viewed looking directly at the front of the source. The 

fact that this residue distribution was so pronounced to the target rod side of the source 

was a item of some concern, perhaps indicative of unusual and/or turbulent behavior 

within the expansion due to the fact that the target rod projected too far into the pre­

expansion region. This worrisome characteristic was one of the major motivating forces 

behind the development of a new laser vaporization source design when the :MPI 
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experiments that are detailed in the thesis were implemented. The new design used for the 

l\1PI experiments will be detailed in Section 2.2.4.2. 

An additional problem that became evident when the source was first being 

implemented was a tendency for the aluminum target rod to cold weld to the source, 

seizing the motion. The origin of this tendency was due to the fact that laser ablation of 

the target rod both produced tiny shards of ablated aluminum that would get trapped 

between the rod and source as well as providing a constantly clean surface between the 

two like surfaces. Since making the source entirely out of some other material such as 

stainless steel would have presented a difficult machining task, two other approaches were 

pursued that largely solved this problem. The first was to press fit into the source a 

stainless steel sleeve to house the aluminum target rod. To accomplish this, the 0 .188" 

diameter target rod channel was enlarged, and a 0.050" wide sleeve that was pre-machined 

to match the interior dimensions of the source was press fit into place and sealed using 

Lock-tite. The use of unlike metals greatly alleviated the seizing problem, as did reducing 

the diameter of the target rods from a slip fit diameter to a more loosely fitting diameter of 

approximately O .182" plus or minus a few thousandths of an inch. However, the use of a 

more loosely fitting rod precipitated an additional problem by causing the target rod to 

precess within the sleeve by a very small amount during a rotational period. This 

precessional behavior was observed to result in oscillatory source behavior that closely 

matched the rotational period of the rod. These issues were likewise addressed 

comprehensively in the second generation laser vaporization source described in the 

following section. 
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The other components of the first generation laser vaporization source were 

related solely to the mechanical drive mechanism for the target rod. The most efficient 

manner to both provide a fresh surface with each laser shot as well as utilize the maximum 

amount of rod surface area is to simultaneously rotate and translate the target rod. In 

essence, such a motion will result in a spiral thread to be ablated from the surface. 

Fortunately, this motion is exceedingly facile to achieve - one need only mount the target 

rod to the end of a screw that is constantly rotated within a fixed nut in both a clockwise, 

then counterclockwise manner. The remaining components of the first generation laser 

vaporization source listed in Figures 2-42 and 2-43, namely Part #3 through Part #13, are 

dedicated to performing this single, simple task. 

The components of the target rod drive assembly can be seen in Figure 2-48, 

where the numbers refer to the part number of the component as listed in Figures 2-42 and 

2-43. For the screw itself (see Figure 2-49), a non-standard 1/4-80 micrometer screw was 

chosen to ensure maximal ablation surface coverage on the target rod. When purchased, 

this screw (FAS300, Thorlabs) comes with a plastic handle that can either be machined off 

on a lathe, or, if in a hurry, be broken off using a vice after freezing the handle in liquid 

nitrogen. In addition, the screw comes with a spring loaded ball-bearing at the end that 

must likewise be machined away. Nevertheless, it is much more cost effective to modify 

this screw as opposed to fabricating this piece from scratch. 

The screw threads directly into a specialized 1/4-80 brass nut (Part #4 in Figure 

2-48 - Part#N80L5, Thorlabs) that can be used directly without further modification. This 

nut possessed an exterior 3/8-40 thread and locknut that enabled this piece to be mounted 
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in a keyed manner into the drive housing (Part #4 in Figure 2-48 and Figure 2-50). 

Besides mounting the brass nut, the drive housing was designed to slip-fit two stacked 

rotary ball bearings. These bearings are seated on a small 0.100" high, 0.750" inner 

diameter aluminum shim gasket (Part #7 on Figure 2-48) that likewise slip-fit into the 

housing. 

The component responsible for driving the motion of the screw was the rotating 

screw drive housing ( see Part #8 in Figure 2-48 as well as Figure 2-51). The screw drive 

housing slip-fit directly into the inner diameter of the stacked rotary bearings, coming to 

rest such that the bottom surface of the screw drive housing lay immediately adjacent to 

the brass nut. An external retaining ring groove machined adjacent to the bottom rotary 

bearing edge enabled the bearing stack to be firmly secured to the screw drive housing, 

enabling both components to be installed or removed from the mount simultaneously. In 

addition, the screw drive housing was designed with a 0.350" inner bore diameter, 

sufficient clearance to install this piece around the 1/4-80 screw/brass nut assembly 

fastened to the mount. Finally, a stainless steel clamp (see Part #9 in Figure 2-48 as well 

as Figure 2-52) with a precision lip designed to key into the inner diameter of the mount 

fastened the screw drive housing/rotary bearing assembly securely into the mount via four 

4-40 UNC counterbored socket head cap screws. When tightened into place, the clamp 

ensured that a zero-play metal-to-metal contact was achieved between the mount and 

screw drive housing/rotary bearing assembly. When uncoupled from the drive screw, the 

screw drive housing rotated freely in a frictionless manner, without exhibiting any play 

along the rotational axis. 
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In order to drive the screw, the free rotary motion of the screw drive housing 

needed to be coupled to the screw itself. This was accomplished as follows. On two 

opposite sides of the screw drive housing were two 0.1255 11 wide by 2.000" long grooves 

that were machined completely through the piece. These grooves were designed for close 

clearance with the stainless steel drive pin that was installed to one end of the drive screw 

opposite to that end designed to couple to the target rod (see Figure 2-49). To assemble 

the fully functional target rod drive assembly, the drive screw without the drive pin was 

first carefully threaded into the brass nut that had been previously secured to the mount. 

The screw drive housing/rotary bearing assembly was then installed around the screw and 

secured to the mount by the steel clamp. Next, to couple the two components, the groove 

in the screw drive housing was aligned with the O .125" diameter hole on the drive screw 

that accommodated the drive pin. The drive pin was then inserted into the screw, and 

centered such that a portion of the drive pin extended partially into both grooves on either 

side of the drive housing, but not beyond the outer diameter of either groove. When the 

drive pin was properly centered, the pin was locked into place by a 4-40 UNC set screw 

installed on the end of the drive screw that seated onto a 0.100" flat on the pin. 

When fully operational, the screw drive assembly permitted smooth translational 

motion of the drive screw along the entire 2.000" groove length of the drive housing. In 

order to fully implement this assembly, however, two additional features were required. 

First, a means to mount the screw drive assembly about the laser vaporization target rod 

was required to be designed. This was accomplished through the use of a specialized table 

(see Figure 2-53) that mounted to the upper horizontal surface of the Y-plate of the 
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source mount (see Figure 2-27). As was discussed in Section 2.2.2, the Y-plate was 

modified (see Figure 2-29) to mount two right-angle brackets (see Figure 2-30). These 

right angle brackets served to couple the Y-plate and the table. The table rested on the 

flat surface provided by both the upper horizontal surface of the Y-plate and the right­

angle brackets, and was secured to the brackets by two 10-32 UNF nuts and bolts. 

The table possessed a 1.25011 diameter through-hole surrounded by four 0.190" 

diameter holes places symmetrically about a 1.50011 diameter bolt circle on one end of the 

piece. This served to mount the screw drive mount, and in turn, the screw drive assembly 

as a whole. When secured to the source mount, the table was designed to be positioned in 

such a way that the drive screw lay directly above the laser vaporization target rod. 

Generous clearance within the through holes in the table provided the required positional 

flexibility to perfectly align the screw and the target rod coaxially. The drive screw was 

coupled to the screw drive assembly by means of a low profile flexible spring coupling 

(59925K87, McMaster-Carr). A flexible coupling was required because the drive screw 

could not be fabricated with a straightness tolerance of less than 0. 00 l" - 0. 003" without 

an inordinate amount of effort on the part of the machinist. Consequently, the drive screw 

precessed slightly in the brass nut while rotating, especially when the screw had been fully 

extended in the downward direction. A rigid coupling did not accommodate for this 

precession, causing the drive assembly to seize when the drive screw "kicked out" of the 

axial alignment. The chosen coupling compensated for this precessional motion, while its 

short length permitted to maximal amount of target rod coaxial motion to be achieved. 

With all of this equipment installed within the source, a mechanism by which the 
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laser vaporization target rod could be simultaneously rotated and translated was complete. 

Nevertheless, such motion required the screw drive housing to be rotated in both a 

clockwise and counterclockwise manner. This demanded the design of a robust 

mechanical drive mechanism by which the screw drive housing could be rotated. 

Due to a number of constraints placed on the design by the LIF experimental 

apparatus, the drive mechanism for the screw drive housing was forced to be a bit 

convoluted. At the time, a suitable yet inexpensive reversible motor for use in an ultra­

high vacuum environment was not known. Therefore, coupling a motor directly to the 

screw drive housing was not pursued as an option. Since this time, a number of groups 

have placed standard DC motors in vacuum without any special consideration for heat 

dissipation, and found that even cheap model motors can last as long as six months. 11 For 

future reference, the latter approach is recommended for future use since it bypasses a 

number of the mechanical components that were required to successfully implement the 

design employed for these experiments. 

Rotary motion for the screw drive housing was provided by an end-mounted DC 

stepper motor/rotary motion feedthrough (Part #670002-03, MDC) that was driven by a 

homebuilt stepper motor driver (see Figures 2-1 and 2-2). To mount the motor, the top 

source cross ASA-IO flange (see Figure 2-9) was modified by welding into place a 2-3/4 11 

ConFlat half nipple to the top surface of the flange 4.000 11 off-center. The port needed to 

be placed off-center in order to not interfere with the LIF light detection apparatus that 

was in place at the time. 

In order to bring the rotary motion to the table mounted on the Y-plate, the rotary 
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motion produced by the end-mounted DC stepper motor/rotary motion feedthrough was 

first transferred to the center of the source cross ASA-10 flange. This was accomplished 

by mounting a gear table directly to the vacuum-surface side of the ASA-10 flange. Onto 

this gear table were mounted three low-profile external frames that contained coaxially­

aligned rotary ball bearings seated into two separate end mounts. These bearings, in tum, 

slip-fit a central shaft that was secured to the rotary ball bearings through the use of 

external retaining rings. The central shaft possessed a flat along the length that permitted 

different outer diameter "No-Slip" positive drive belt pulleys (FC/FCl Series, Pie Design) 

to be secured to the shaft via a set screw contained within the hub of the pulley. The 

frames were designed such that any diameter pulley up to 2.000" in diameter could be 

mounted to the shaft. One pulley housing supported a coaxial shaft extension leading 

directly from the motion feedthrough as well as mounting a pulley. The other two frames 

were devoted to gearing down the rotary motion provided by the DC stepper motor, the 

pulley shafts of both lying parallel to that of the motion feedthrough shaft. Of these two, 

one was placed such that the central shaft was placed precisely at the center of the source 

cross ASA-10 flange, while the other was placed at a distance intermediate between two 

other two pulley housings. 

The means of coupling the pulleys was provided by "No-Slip" positive drive belts 

(FS Series, Pie Design). These belts were designed to exhibit zero-backlash upon reversal 

of direction when used with the aforementioned pulleys, thus ensuring that the rotary 

motion form the DC stepper motor was coupled to the center of the flange in a precise, 

zero-backlash manner. For the experiments presented in this thesis, the gear ratios of the 
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pulley assemblies was designed to step down the rotary motion of the DC stepper motor 

by a factor of eight, yielding a temporal period of approximately fifteen seconds for the 

shaft placed at the center of the source cross ASA-10 flange when the stepper motor 

driver is set to the highest speed. 

From the center of the source cross ASA-10 flange, the rotary motion was brought 

directly down to the table mounted to the Y -plate by a coupling shaft with universal gears 

mounted to each end. The universal gears were used in a double-jointed configuration, 

hence compensating for any axial misalignment between the coupling shaft and the mating 

shafts on either end. The table mounted to the Y -plate possessed another pulley housing 

whose central shaft mated directly to the coupling shaft. This pulley housing contained a 

single pulley (FC-36, Pie Design). The final motion coupling was between this pulley and 

the screw drive housing itself As shown in Figure 2-51, the screw drive housing was 

designed with an outer flange. This flange served to mount a pulley ( see Part # 10 in 

Figure 2-48 - modified FC-36, Pie Design) whose central hub was machined away to slip 

fit the screw drive housing inner flange diameter, as well as to possess four clearance holes 

for 2-56 UNC screws placed on a 0.825" diameter bolt circle. This pulley was then 

secured directly into the screw drive housing flange via the four 2-56 UNC tapped mating 

holes. A "No-Slip" positive drive belt was then used to couple the pulley mounted to the 

screw drive housing to the other adjacent pulley housing likewise fastened to the table. 

Since equal diameter pulleys were utilized for both pulleys on the table, one-to-one 

gearing was employed, meaning that the drive screw and hence the laser vaporization 

target rod were rotated at a speed one-eighth that of the DC stepper motor - the gear ratio 
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being determined by the upper gear table mounted to the source cross ASA- IO flange. 

Control of the drive screw motion was achieved externally by means of a calibrated 

distance indicator coupled to the end-mounted DC stepper motor/rotary motion 

feedthrough. As was discussed above, the side grooves in the screw drive housing ( see 

Figure 2-51) effectively delimited the upper and lower bounds of travel permissible for the 

drive screw (see Figure 2-49). Once either of these extremes was reached, further rotary 

motion of the screw drive housing served only to press the drive screw pin into the end of 

the groove, effectively halting all rotation of the screw drive housing. To ensure that the 

drive screw was always positioned within these two extremes, a distance indicator whose 

main body consisted of 13.0" x 2.0" x 0.375 11 long aluminum bar stock, henceforth 

referred to as a track, was mounted directly to one end of the DC stepper motor/rotary 

motion feedthrough via a homebuilt coupling. On either end of this track was placed a 

rotary bearing end mount containing a 0.250" inner bore diameter rotary ball bearing. A 

threaded brass 1/4-28 UNF threaded rod was then mounted above the track between the 

rotary bearings and secured to the end mount bearings by collars to prevent slippage. 

Pulleys were then used to couple this threaded rod to the DC stepper motor itself, such 

that the rotation of the stepper motor drove the rotation of this threaded rod as well as the 

internally mounted laser vaporization rod driver assembly. 

Onto this threaded rod was mounted a 1/4-28 UNF tapped aluminum block that 

extended from the threaded rod into an slightly oversized channel milled along the length 

of the track. Rotation of the stationary threaded rod caused this block to travel along the 

length of the track, its rotation having been prevented by physical contact with the channel 
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walls. Finally, an electrical limit switch was installed onto both ends of the channel. When 

the aluminum block reached one extreme of the channel, the block would physically 

contact the limit switch and depress the switch lever. Depressing the limit switch level 

was the signal for the homebuilt DC stepper motor driver to switch the direction of 

motion, causing the block to reverse direction toward to other limit switch, Likewise, 

contact with the opposite limit switch caused the direction of motion to be reversed back 

to the original direction. 

This control mechanism permitted the motion of the drive screw to be regulated as 

follows. The length of the brass 1/4-28 UNF threaded rod was chosen such that the 

number of rotations required for the aluminum block to travel the length of the channel 

was greater than the number of rotations required for the drive pin of the drive screw to 

travel to length of the 2.000 11 grooves in the screw drive housing. The key to the screw 

drive motion control was to calibrate the motion of the drive screw with that of the 

external aluminum block such that the aluminum block would contact a limit switch before 

the pin of the drive screw reached the end of the groove. Hence, the two extremes 

delimited by the limits switches of the external track were exactly correlated to those of 

the internally mounted screw drive. When the aluminum block reached one extreme, this 

corresponded to the analogous extreme in the screw drive assembly. Therefore, just as the 

drive pin was approaching the end of the groove, the aluminum block would actuate the 

limit switch - reversing the motion and sending the drive pin in the other direction towards 

the other extremum of its motion. 

This control mechanism has worked reasonably well throughout the course of 
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these experiments. The most prominent problem arose during those times when the rod 

seized within the source. To protect the stepper motor in the event of seizure of the 

internal drive components, a miniature slip clutch (E-MSCB-4, Small Parts, Inc.) served as 

a coupling between the shaft of the motor feedthrough shaft itself and the shaft of the first 

pulley housing mounted on the source cross top ASA-10 flange. Therefore, in the event 

that the target rod ceased to rotate, the stepper motor continued to rotate due to the slip 

clutch. However, since the distance indicator was also coupled to the to the stepper 

motor, the calibration between the indicator and the screw drive housing was lost. After a 

rod seizure, care needed to be exercised to ensure that the distance indicator was 

re-calibrated with the screw drive housing or else there was a high probability that the 

drive pin would reach the extremum of the motion, again seizing the target rod drive 

mechanism and potentially causing damage to the drive components. 

2.2.4.2. Second Generation Laser Vaporization Sources 

Due to the problems with the first generation laser vaporization source discussed 

in the previous section, a different laser vaporization design was sought during the period 

when the experiment was being transitioned over from LIF to MPI/TOF-based detection 

of Al• Arn species. The new approach that was ultimately adopted was strongly influenced 

by a very successful laser vaporization source design developed by Michael Duncan's 

group for the generation of metal•(solvent)n and metal+•(solvent)n clusters.22 The basic 

guiding principle that grew out of this work was the observation that for the efficient 

generation of large distributions of mixed monomeric metal/ solvent clusters the laser 
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ablation point should lie as close to the throat of the supersonic expansion as possible. 

Using this methodological principle, Duncan's group convincingly demonstrated that such 

an approach was equally effective for the generation of large distributions of both neutral 

as well as cationic clusters.23 

Influenced by the results from Duncan's group, three different laser vaporization 

source designs were developed for the MPVTOF experiment that incorporated this new 

postulate. Each one that was subsequently fabricated was an attempt to comprehensively 

characterize the effectiveness of a specific feature over another. Ultimately, two were 

implemented with considerable success, while a third performed poorly. In short, the 

results gleaned from the performance second generation of laser vaporization sources only 

further reinforced the axiom that simplicity of design is best. 

The first source of the second generation sought to combine the insights gained 

from Duncan's group with the first generation design derived from Costes' s work. The 

schematics for this source are provided in Figures 2-54 through 2-58. In addition, the 

complete laser vaporization source assembly as it appeared mounted to the pulsed valve 

can be seen in Figure 2-59. 

In its original appearance, this source very closely resembles the first generation 

source, except that the ablation point on the target rod was moved closer to the 

presumptive throat of the supersonic expansion. In close analogy to the first design, an 

0.315 11 long, 1 mm diameter channel formed an initial conduit through which the 

expansion gas flowed upon exiting the laser vaporization adapter (see Figures 2-32 and 

2-59). This channel then opened up at 45° to a 0.145" long, 0.100" diameter pre-
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expansion channel. As before, a 0.188" nominal diameter channel to accommodate the 

aluminum target rod was machined perpendicular to the pre-expansion channe~ the 

ablation point on the rod being offset by 0.020" from the center line. The fundamental 

change was that the ablation point was moved 2 mm closer to the end of the pre­

expansion channel compared to the previous design, bringing the ablation point within 1 

mm of the end of the channel. Since it was believed that the throat of the expansion 

probably lay within the pre-expansion region to some degree due to the wide bore of the 

channel, this 1 mm offset was designed as an estimate of the region close to the probable 

throat of the expansion. 

In order to maintain the pressure of the expansion gas as it passed through the 

laser vaporization source, the laser vaporization laser inlet/outlet channels were reduced to 

a 0.030" diameter as opposed to the previous 0.050" diameter. To assist aligning the laser 

vaporization laser through this significantly smaller hole, a 0.125" diameter, 0.240" deep 

counterbore reduced the effective length. Behind the laser target rod, the laser 

vaporization outlet channel was designed with a 5-40 UNC tapped hole that penetrated 

directly into the laser vaporization target channel. This was designed to accommodate a 

5-40 UNC ball and spring set screw (3408Al2, McMaster-Carr) that served two 

purposes. First, this set screw effectively plugged one of the two gas escape channels that 

would serve to reduce the pressure within the source. Second, the spring-loaded steel ball 

on the end of the set screw enabled undersized diameter target rod to be firmly pressed 

against the pre-expansion channel, preventing both excess gas leakage from the target 

rod/pre-expansion channel interface as well as preventing precession of the target rod 
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within the target rod channel during rotation. Furthermore, by employing reduced 

diameter rods, the possibility of target rod seizure was greatly reduced. 

To further assist in the prevention of target rod precession, two additional 5-40 

UNC tapped holes were placed 0.287" above and below the laser vaporization laser outlet 

channel. By providing three points of contact between the source and target rod, it was 

reasoned that all precession of the target rod, and hence the oscillatory source behavior, 

could be eliminated. In this respect, the installation of the spring-loaded set screw was a 

success in that precession all but disappeared. Nevertheless, use of these set screws 

presented an additional problem - they caused the rod to seize. The origin of this problem 

was that tiny shards of aluminum ablated from the surface became trapped behind the steel 

ball of the set screw due to the opening introduces when the ball was depressed. So much 

aluminum was trapped behind the ball that all spring motion was eventually lost, causing 

an immovable point of contact to be achieved between the target rod and the source. Any 

tiny shard of aluminum that got trapped between the two surfaces was then sufficient to 

cold weld the two components, seizing the target rod. This problem was especially severe 

for the central 5-40 UNC spring loaded set screw that lay directly opposite the abalation 

surface. 

To address this problem, two approaches were employed. The first was to reduce 

the probability of cold welding between the aluminum target rod and the aluminum target 

rod channel in the source. This was accomplished by the use of a brass sleeve that was 

installed into the source as a lining for the target rod in an analogous manner to the first 

generation source. Brass was chosen as the sleeve material instead of stainless steel due 
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to the fact that the facile machining of brass permitted the interior dimensions of the 

source to be re-machined with the sleeve already inserted rather than having to pre­

machine the interior dimensions into the sleeve as had to be done with the stainless steel 

sleeve. To perform the retrofit, the laser vaporization target channel was enlarged by 

0.080" on the diameter, and into this expanded hole was press-fit a solid rod of brass. The 

source was then re-machined to match the original interior dimensions. The result was 

highly successful, with no observable discontinuities between the mating surfaces of the 

two materials to serve as potential sources of turbulence. 

The other aspect of the solution involved modifying the spring-loaded set screw 

configuration within the source. Since the central 5-40 UNC spring-loaded set screw 

seemed especially prone to collecting aluminum shards behind the ball, the decision was 

made that this set screw would be slightly withdrawn away from the target rod such that 

no contact was made between the two components. In this manner, the central spring­

loaded set screw served only to plug the laser vaporization outlet channel and prevent loss 

of gas during a gas pulse. The other modification was to enlarge the upper and lower 5-40 

UNC tapped holes to 10-32 UNF tapped holes. The purpose of this modification was to 

permit the use of 10-32 UNF stainless steel spring plunger set screw (84975A27, 

McMaster-Carr). The advantage of a spring plunger mechanism over the previous ball 

and spring mechanism was that the former maintains a tight seal with the set screw body 

when depressed while the latter does not. Furthermore, greater spring tension was 

possible by employing a larger set screw, enabling very stiff tension to be attained between 

the target rod and the source. While the spring plungers were equipped with a nylon 
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locking element, the tapped holes were too shallow to permit these to become engaged. 

Therefore, the spring plunger threads were wrapped in Teflon tape to prevent the plungers 

from unscrewing during use. Ultimately, these modifications were quite successful in 

stopping the rod precession inherent to the first generation source while at the same time 

significantly reducing the occurrence of target rod seizure. 

The laser vaporization source outlined above was quite successful in generating a 

large Al• Arn cluster distribution. Figure 2-101 shows a typical Al• Arn cluster distribution 

using near-resonant 315 nm plus 630 nm l\1PI followed by TOF detection. As is evident 

from inspection of Figure 2-101 , clusters up to Al•Ar60 were clearly observable. An 

unusual feature about the source performance was that the maximum laser vaporization 

laser power (approximately 6 mJ at 355 nm) was required to generate a large cluster 

distribution as well as to stabalize source performance. This characteristic is 

counterintuitive, as one would expect that higher laser vaporization powers would result 

in a hotter plasma. Hotter source conditions typically generate smaller cluster 

distributions since additional energy must be dissipated within a given expansion 

environment. One possible explanation for this behavior was that perhaps the throat of the 

expansion was really occurring close to the beginning of the pre-expansion channel. If this 

were the case, the shock wave from the expansion might have served to defect aluminum 

atoms backwards towards the source. In this case, high laser vaporization pulse power 

might have permitted enhanced penetration of the plasma into the cooling region 

contained within the shock wave. Nevertheless, while this scenario cannot be ruled out as 

an explanation, the observation of an even, vertical distribution of aluminum on the source 
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face that was almost perfectly aligned with the vertical center line suggested that no 

asymmetries existed in the expansion region. If the shock wave were indeed responsible 

for deflecting aluminum atoms away from the expanding gas, the expectatation would be 

for the observation of an enhanced aluminum deposition toward the target rod side of the 

source. This behavior which was, in fact, observed in the first generation laser 

vaporization source, was clearly not evident in the new design. 

The Al• Arn cluster distributions generated by this source corresponded 

predominantly to salvation within the first and second icosahedral solvent shells. 

Previously, Whetten' s group has reported a laser vaporization source design that 

produced Al•Arn cluster distributions past Al•Ar13s, the cluster size at which the third 

icosahedral solvent shell closing occurs. 24
-
26 To generate such a broad size distribution, 

Whetten' s group employed 30° nozzles with lengths varying from 0.3 to 4.0 cm long, with 

the ablation point positioned close to, but not at, the beginning of the nozzle. 24 In an 

attempt to generate cluster distributions closer to the size range obtained by Whetten' s 

group, the laser vaporization source described above was modified slightly, taking into 

account some of the design philosophy of Whetten' s source. 

The modifications made to the source are presented in Figure 2-58. In an attempt 

to minimize the gas channel length prior to the pre-expansion region as well as to enhance 

the efficiency of the subsequent supersonic expansion, the interface between the initial 

1 mm gas conduit and the pre-expansion channel was modified. In particular, the abrupt, 

45° transition region between the two channels was converted to a much more gradual 10° 

expansion cone. This cone was machined such that the pre-expansion channel remained 
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the same length, while the majority of the initial gas conduit was machined away to form 

the cone. Unfortunately, these changes ultimately had little effect on the size distribution. 

Beyond a slight enhancement in shot-to-shot stability, little, if any, increase in the cluster 

distribution was discerned over the original design. 

A second source that was developed simultaneously to that described above 

reflected the ultimate in simplicity. The schematics for this source design are presented in 

Figures 2-60 through 2-62. Stripped down to the basics, this source design consisted of a 

single 1 mm diameter, 0.450" long straight channel. Perpendicular to this channel, a 

0.030" laser vaporization laser pulse inlet channel was machined such that the ablation 

point would lie precisely at the end of the gas channel. As before, two tapped holes for 

10-32 UNF (see Figure 2-62) were added to mount spring plunger set screws. Likewise, 

a single 5-40 UNC threaded hole served as the laser vaporization pulse outlet, which was 

plugged with a 5-40 UNC set screw when the source was in use to prevent gas leakage. 

Somewhat surprisingly, this straight channel laser vaporization source performed 

almost identically to the other version described above that was considerably more 

complicated. Cluster distributions obtained using this source were virtually 

indistinguishable from that presented in Figure 2-101 that was acquired using the other 

source. Furthermore, much of the same behavior, in particular a requirement for high 

laser vaporization powers to generate the larger cluster distributions, was exhibited by 

these two fairly distinct designs. The exact physical basis of this similarity in performance 

remains elusive. 

One hypothesis as to why these sources appeared so similar was that if the 
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combined gas channel length between the laser vaporization source adapter and the laser 

vaporization source itself were long enough to cause choked, turbulent gas flow, then the 

performance might be somewhat independent of the expansion properties itself A useful 

parameter when thinking about the gas flow within a straight channel is the quantity (//d), 

where l represents the length of the gas channel and d represents the channel diameter.3 

As a general rule of thumb, the value of (//d) should be minimized to ensure that maximal 

flow rate through the channel is achieved. 

To test whether choked flow was in fact an inherent property of the source design, 

another laser vaporization source adapter and straight-channel laser vaporization source 

were created, except with a 2 mm channel diameter as opposed to the original 1 mm 

diameter. If, in fact, choked flow were a problem in these sources, then use of channel of 

twice the diameter of the original will lower the ratio of (lid) by a factor of two, 

presumably resulting in a marked improvement in source performance. Surprisingly, this 

was not found to be the case. The straight 2 mm diameter channel source yielded 

extremely poor cluster distributions, generating Al• Arn clusters no greater in size than 

Al•Ar12 in a stable manner. In the end, there remained a number of unanswered questions 

regarding the fundamental basis for the source performance. Nevertheless, these sources 

proved quite effective for general use, generating most of the Al• Arn cluster data 

presented in Chapter 5, as well as many of the early spectra in the Al•Ar systems discussed 

in Chapters 3 and 4. 

As mentioned earlier, the use of the second generation sources occurred 

concurrently with the implementation of the :MPI/TOF detection scheme. A few minor 
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modifications were required, therefore, to make the laser vaporization target rod drive 

compatible with the need to accommodate varying nozzle-to-skimmer distances. The 

primary modification that was required was to replace the original table mounted to the Y -

plate of the source mount (see Figure 2-53). This table had been designed assuming that 

the source would never move, which was in fact the case for the LIF experiments. In 

order to permit effective coupling between the gear table mounted to the top of the source 

cross ASA-IO flange and the screw drive housing (see Figure 2-51 ), a pew table was 

designed that would accommodate different source placements (see Figure 2-63). This 

new table was mounted to the Y-plate an the exact manner as the original, as discussed in 

Section 2.2.4.1. 

Implementation of this new table required that the drive pulley system on the new 

table be reset each time the source was moved. The requirement arose from the need to 

maintain one pulley housing directly below the center of the top source cross ASA-IO 

flange to ensure facile coupling of the rotory motion. The extended length of this new 

table reflected this necessity. Rather than having to make a specific diameter "No-Slip" 

positive drive belt to couple the screw drive housing to the pulley mounted in this housing, 

a second pulley housing was added to the new table to serve as an intermediary coupling. 

This new pulley housing contained two pulleys of the same diameter as those employed 

previously, directly transmitting the driven motion of other pulley connected to the drive 

mechanism to the screw drive housing. By placing this pulley housing in between the 

original two, a number of different combinations of two standard "No-Slip" positive drive 

belts were able to be used. Any slack in the belts was compensated for by displacing the 
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new pulley housing off-center from the line between the other two pulley components. 

As before, the new table mounted the screw drive housing at one end of the piece. 

This was likewise designed such that the screw drive housing would lie directly above the 

laser vaporization target rod once the table was bolted to the Y-plate. The pulley 

housings were affixed to the table using standard laser table clamps. The series of 

channels machined through the table allowed for a great deal of play with respect to the 

mounting of the central pulley housing. 

2.2.4.3. Third Generation Laser Vaporization Source 

Not all materials that can potentially serve as laser vaporization targets have the 

advantageous physical properties of aluminum. Successful implementation of the previous 

source designs in the first and second generation laser vaporization sources described in 

the previous two sections were all highly dependent upon the high physical strength of the 

refractory target material. Nevertheless, there are large classes of softer materials such as 

the alkali or alkaline earth metals where target rods (if available) would not exhibit the 

physical strength to endure being translated up and down through the source supported at 

only one end. Since alkali metal-solvent clusters were the original target systems for this 

thesis, a new source design was developed that would be, for lack of a better word, 

universal. In effect, the ultimate goal of this new source design was to permit the use of 

any laser vaporization target material that could be obtained or somehow rendered into 

the form of either a rod or a disk (which encompasses almost all materials). This section 

outlines the design of the rod source, while the design of the disk source (which still needs 
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to be implemented) is presented in Chapter 6. These separate designs, while distinct in 

their mechanical components, are nevertheless completely interchangeable, enabling the 

rod source and the disk source to be readily exchanged with one another within minutes. 

Previous experience with the second generation laser vaporization sources had 

demonstrated that placing the ablation target at the throat of the supersonic expansion was 

a fruitful means to generate large cluster distributions of metal•(solvent)n clusters. This 

fortuitous parameter eliminated one of the key obstacles in designing this source, namely 

how to translate a malleable material through a hard-walled channel within the laser 

vaporization source. Instead, placement of the ablation target at the throat of the 

expansion permitted the target rod to be placed outside of the source where no physical 

contact would occur with the nozzle. This adaptation, however, required that the target 

rod now be supported at both ends since there no longer would exist the target rod 

channel within the source to maintain a constant, steady position. 

The new third generation laser vaporization assembly is shown in Figure 2-64. 

The numbers in Figure 2-64 correspond to the individual part numbers of the various 

components. A complete set of machine drawings for each of the individual components 

of this source is compiled in Appendix 4. 

While initially appearing quite complicated, the entire design is based around the 

requirement to provide a reproducible means to rotate and translate a target rod outside 

the confines of the gas nozzle. The core component of the new source is the target rod 

support mechanism presented in detail in Figure 2-65, hereafter referred to as "the cart." 

As shown in Figure 2-65, the cart served the purpose of mounting the target rod, as well 
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as providing the mechanical means to rotate and translate the target rod. The target rod 

was mounted between two unique rod holders (Part #12 and Parts #'s I la and 1 lb in 

Figure 2-65) designed to accommodate 0.250" diameter target rods or any target rod 

support assembly. Besides mounting the target rod, the upper rod holder (Part #12) 

coupled the cart to the screw drive as shown in Figure 2-64. 

The lower rod holder components (Part # 11 a and Part # 11 b in Figure 2-65) were 

designed such that the target rod could be mounted using a spring-loaded mechanism. As 

is shown in the drawings for these components in Appendix 4, a rod holder mount (Part 

#1 la) was machined to slip fit into the lower rod holder (Part #1 lb). Furthermore, the 

mount possessed a 0.125 11 wide, 0.355" long slot machined through two sides that served 

to fit without play a drive pin (see machine drawing for Part #1 lb in Appendix 4) that was 

installed in the lower rod holder. Care was taken to prevent the ends of the drive pin from 

extending beyond the outer diameter of the mount. This drive pin was secured to the 

lower rod holder with a 2-56 UNC set screw that seated onto a flat on the pin. This set 

screw was able to access the drive pin via a 2-56 UNC tapped hole extending from the 

bottom of the rod holder shaft to the drive pin channel. When these components were 

assembled with an exterior spring placed between the upper flange of the mount and the 

lower surface of the rod holder, spring actuated motion was achieved. To assist in 

withdrawing the bottom collar to release the target rod, a brass thumbscrew (see machine 

drawing for Part # 11 b in Appendix 4) was attached to the bottom of the lower rod holder 

using the 2-56 UNC tapped hole into which the pin-locking set screw had already been 

seated. 
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Supporting the spring-loaded target rod mounting mechanism was the top (see 

Part #l0a in Figure 2-64) and bottom (see Part #l0b in Figure 2-64) components of the 

cart. On one end of both the cart top and cart bottom pieces, a through-hole was 

machined into which were press-fit rotary ball bearings. For the cart top, a single flanged 

miniature precision ball bearing (57155Kl3 l, McMaster-Carr) was press-fit into the lower 

surface. This bearing slip-fit the shaft of the upper rod holder (Part #12 in Figure 2-65) 

which was subsequently secured to the bearing by an exterior retaining ring. Due to the 

extended length of the lower target holder mount, two flanged miniature precision rotary 

ball bearings (57155Kl37, McMaster-Carr) were used in the cart bottom, one bearing 

press-fit into either the upper or lower surface. This rotary bearing stack slip-fit the lower 

target holder mount (Part # 12 in Figure 2-65), which was likewise secured to the bearing 

stack by an external retaining ring. 

On the opposite side of both the cart top and cart bottom were a set of four drill 

bushings that were press-fit into each piece. Functionally, these four drill bushings were 

divided into two pairs. The pair of bushings spaced farthest away from the rotary bearings 

were designed to serve as the side supports for the cart. One of the concerns in designing 

the cart was how to make it flexible enough such that any target rod length could be 

accommodated without having to machine a new side piece each time the rod length was 

altered. To solve this problem, two 0.250" outer diameter stainless steel shafts were 

employed as the side supports. These shafts were then secured to the top and bottom cart 

pieces by the use of custom collars (see Part #3b in Figure 2-65) that were tightened onto 

the shafts at the upper and lower surfaces of both the top and bottom cart pieces. Using 
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such an approach, the separation between the top and bottom cart pieces is completely 

adjustable along the length of the steel shafts, thus compensating for almost any length of 

target one should desire to use. 

Ultimately, when the top and bottom pieces of the cart are secured into place, they 

created a perfectly rigid frame that served to place the upper and lower rod holders 

perfectly coaxial to one another. By setting the separation between the top and bottom 

cart pieces such that spring tension was maintained on the target rod when the lower rod 

holder was released, the target rod was seated in a manner that was likewise aligned 

coaxially with the upper and lower target rod holders. In addition, the rod was capable of 

rotating freely within the cart since both target rod holders were seated into rotary 

bearings. This rotation was highly symmetrical, exhibiting no visible signs of wobble or 

precession. Therefore this cart provided a means to bring the target rod adjacent to the 

source nozzle while maintaining a reproducibly fixed distance between the ablation point 

and the throat of the expansion. The absence of any wobbling or precession of the target 

rod adjacent to the throat of the expansion maximized the probability that non-oscillatory 

and stable shot-to-shot behavior would be observed from the source. 

The other pair of drill bushings that were spaced closer to the rotary bearings were 

designed to slide over a pair of vertical guide shafts along which the cart could be 

translated upwards and downwards (see Figure 2-64). The rest of the third generation 

laser vaporization source design merely amounts to a mechanical means to mount these 

two vertical shafts along which the cart could be translated. In order to accomplish this, a 

frame needed to be designed that was mechanically sturdy, while at the same time 
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permitting the positioning of the vertical rails in an adjustable manner so that the target 

rod could be brought directly adjacent the source nozzle. 

Two-dimensional positioning of the cart both parallel and perpendicular to the 

molecular beam axis was achieved by mounting the cart within essentially two nested 

frames, each controlling the positioning of the cart in one of the two orthogonal 

directions. To begin, an external frame was constructed that mounted directly to the 

source rails of the source mount as discussed previously in Section 2.2.2. As seen in 

Figure 2-64, this external frame consisted of Part #7, Part #8a, Part #8b, and Part #9. Part 

8a was a custom designed aluminum collar that was mounted on two of the three source 

rails that were on the far side of the source from the perspective of the laser vaporization 

pulse direction of propagation. Both of these collars were designed with an approximate 

0.650" wide flat onto which were tapped two holes for a 8-32 UNC thread along the 

centerline. The flats of each collar were designed to mount the bottom ( see Part #8b in 

Figure 2-64) and side (see Part #9 in Figure 2-64) supports of the external frame. A right 

angle block (see Part #7 in Figure 2-64) connected the bottom and side external frame 

supports where the two components met. This block guaranteed the rigidity of the frame 

as well as maintaining a perfectly perpendicular orientation between the two pieces. 

When assembled onto the source rails, this external frame could be translated 

along the length of the rails as long as the collars that secured to frame to the rails were 

not tightened down. Hence, the external frame provided the mechanism by which the 

target rod could be positioned in the direction parallel to the molecular beam axis. When 

properly positioned, the collar screws were then tightened, firmly securing the external 
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frame and all attached components to the source rails. 

In order to enable precise positioning of the target rod perpendicular to the 

molecular beam axis, a second internal frame was constructed. This internal frame can be 

considered the intermediate frame between the external frame and the laser vaporization 

target rod cart. In essence, the internal frame served two key functions as shown in Figure 

2-64. First, the ability to mount the vertical shafts along which the laser vaporization 

target rod cart translated was provided by this frame. Second, positioning of the target 

rod perpendicular to the molecular beam was achieved by the construction of a second 

cart system that completely contained within it the entire laser vaporization target rod cart 

assembly. 

The fundamental design of the internal frame was as follows. Two separate rails 

systems, each consisting of a pair of 0 .125" diameter stainless steel shafts, were mounted 

above and below the source oriented perpendicular to the molecular beam axis. The upper 

shaft support assembly for the internal frame included Part #4a and Part #4b (see Figure 

2-64). Part #4a was a pair of end blocks through which were mounted two parallel 0.125" 

diameter shafts separated by a 1.250" center-to-center distance. Each of these end blocks 

was subsequently attached to each end of a pair of overhead supports ( see Part #4b in 

Figure 2-64). These supports served to couple to upper shaft support assembly of the 

interior frame to the side support of the exterior frame. 

An analogous lower shaft support assembly in the interior frame was likewise 

fabricated. A pair of lower end blocks (Part #6 in Figure 2-64) mounted another pair of 

0.125" diameter stainless steel shafts that were separated by the same 1.250" center-to-
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center distance. These end blocks were subsequently attached directly to the upper 

surface of the bottom support of the external frame (see Part #8b in Figure 2-64). Both 

sets of rails are prevented from sliding out of the housing by the use of stainless steel 

collars that mount to the inner surface of the outer end block. 

With the upper and lower shaft support assemblies in place, there existed two sets 

of rails placed above and below the source that were oriented perpendicular to the 

molecular beam axis. By design, these were envisioned as serving as a platform upon 

which precise positioning of the laser vaporization target rod along this axis could be 

accomplished. In order to achieve this final design element, two distinct carts were 

designed that would slide along the length of the shaft assemblies. The cart designed to 

ride on the upper shaft support assembly is shown as Part #3a in Figure 2-64, while that 

designated for the bottom shaft assembly is labeled as Part #6 in Figure 2-64. Both carts 

possess a channel that runs along the length of the cart, the center-to-center distance of 

which exactly matched the center-to-center distance separating the upper and lower shaft 

assemblies. All ends of these channels were capped with drill bushings that were press-fit 

into place to permit the cart to couple to the shafts in a zero-play manner. 

As is evident from examination of the machine drawings for Part #3 a and Part #6 

compiled in Appendix 4, both carts were equipped with a pair of 0.250" diameter, 0.750" 

long drill bushings that were press-fit into place. These served the purpose of mounting 

the vertical rails upon which the laser vaporization target rod cart would be guided. The 

0.440" separation between these drill bushings exactly matches the separation between the 

pair of drill bushings press-fit into the cart top and bottom components. This ensured that 



79 

the motion of the laser vaporization target rod cart would be exceedingly precise and 

smooth, exhibiting no deviations in motion as it traveled along the length of the vertical 

shaft - a design that was in fact realized when the source was assembled and placed into 

general use. To prevent the vertical rails from being pulled out of the lower cart of the 

internal frame, a custom collar (see Part #3b in Figure 2-64) was installed around the 

vertical rails at a point adjacent to the bottom surface of the upper cart. 

A particularly convenient aspect of this design is the ease with which the entire 

laser vaporization target rod cart can be installed or removed. In order to mount the laser 

vaporization target rod cart, one need only loosen the single collar securing the vertical 

shafts, and pull the two shafts out of the bottom cart drill bushings. To complete the 

installation, the free end of the two shafts need only be inserted through the drill bushings 

of the laser vaporization target rod cart and then reinserted back into the bottom cart drill 

bushings. Likewise, the complete assembly containing the laser vaporization target rod 

cart mounted on the vertical rails spanning the upper and lower carts of the internal frame 

can be removed from the O .125" diameter shafts. This was accomplished by simply 

loosening the steel collars securing each 0.125" diameter shaft to the outer shaft end 

support (Parts #4a and #6 in Figure 2-64 ), and withdrawing each of the O .125" diameter 

shafts from the mounts. Clearly, rapid assembly/disassembly was extremely facile with this 

new design. 

The upper cart of the internal frame also mounted the entire screw drive assembly 

that served to rotate the target rod within the laser vaporization target rod cart while 

simultaneously translating the entire laser vaporization target rod cart up and down along 
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the vertical rails. Fortunately, essentially all of the previously designed components 

developed for the first generation laser vaporizatioQ. source ( see Figures 2-48 through 

2-52 as well as description in Section 2.2.4.1) were able to be reused without any further 

modification. 

The single exception was the original screw drive mount (see Figure 2-50) which 

needed to be redesigned to fit within the space constraints presented by the new source 

design. The new screw drive housing (see Part #2 in Figure 2-64 as well as machine 

drawing in Appendix 4) was fabricated to mount inside of a 0.250" deep counterbore 

machined into the upper surface of the upper cart of the interior housing. Four 2-56 UNC 

tapped holes in the bottom surface of the new screw drive mount permitted this piece to 

be securely attached to the upper cart. In addition, the distance between the center of the 

new screw drive mount and the vertical rails of the upper interior frame cart was set to be 

equidistant to the distance between the upper laser vaporization target rod holder and the 

vertical rails of the laser vaporization target rod cart, thus ensuring that the screw drive 

would lay precisely over the target rod. In order to connect these two components, a rigid 

coupling was used to join the drive screw seated within the screw drive assembly to the 

upper laser vaporization target rod holder. 

To reiterate, complete positioning and motion control of the target rod was 

attained with this entire assembly in place. Both the external and internal frames provided 

the means by which the target rod position could be adjusted parallel and perpendicular to 

the molecular beam line respectively. The internal frame served to mount the laser 

vaporization target rod cart along vertical rails along which the latter could travel, as well 
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as to fasten the screw drive assembly that controlled the vertical motion of the cart. By 

coupling the screw drive assembly to the upper laser vaporization target rod holder, a 

mechanism was implemented whereby the target rod could be rotated as well as moved 

vertically by drawing the cart vertically up and down the guide rails of the internal frame. 

Ultimately, target rod motion was achieved that was exactly analogous to that employed 

in the first and second generation sources, except with considerably better control over 

eliminating any form of axial precession. 

To complete the design, two different nozzle pieces ( see Part # 1 a and Part # I b in 

Appendix 4) were developed that would mount directly to the modified laser vaporization 

source adapter (see Figure 2-39). Both of the nozzles were of comparable dimensions 

except in the nozzle angles - one possessed nozzle cone angle of 10° while the other was 

designed with a 5° cone angle. The rationale behind employing nozzles rather than any 

pre-expansion chambers was derived from Whetten' s success in generating large cluster 

distributions up AlAr13s using a similar source configuration (see discussion in previous 

section). The principal difference between Whetten's design and the one employed here 

was that Whetten' s source placed the target within the source nozzle, where our approach 

sought to place the abalation point at the end of the nozzle. Such a configuration was 

similar to a "pickup-type" strategy that has proven rather successful in binding atoms or 

molecules to large solvent clusters. 4•
27

-
28 

To ensure that the channel length would remain as short as possible, two nozzles 

were machined with only a 1 mm long straight section. This distance, combined with the 

use of the modified laser vaporization source adaptor, brought the total distance through 
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which the expansion gas passed before reaching the nozzle to less than 0. 100" in total 

length. Such a short distance was believed to all but eliminate the possibility of choking 

the expansion gas prior to the expansion, providing the best possible conditions for 

generating the coldest possible expansion. 

Unfortunately, the performance of both the 10° and 5° nozzles was disappointing. 

Very little clustering was observed from use of either of these nozzles. In fact, it proved 

quite difficult to achieve any clustering higher than Al• Ar itself Presumably, the failure of 

this configuation derived from the fact that the ablation point was placed far away 

(roughly 0.400") from the beginning of the nozzle. In effect, if the throat of the expansion 

occured close to the beginning of the nozzle, then the shock wave of the supersonic 

expansion would be well developed at the ablation point. The failure to achieve pickup of 

aluminum atoms onto Arn clusters was probably due to the fact that the ablation point lay 

very close to the shock front, thus hindering efficient penetration of the ablated atoms into 

the central "zone of silence" where pickup could occur. 

In the face of failure, the principle of simplicity of design often comes to the 

rescue. In addition to the two nozzle pieces, a third straight nozzle piece was created ( see 

Part #le in Appendix 4). However, the original purpose of this piece was not to serve as 

a nozzle per se, but rather as a laser vaporization laser alignment jig. The bore of this 

piece, nominally 0.060" in diameter, was designed to mount a standard melting tube 

capillary that would serve as a target for aligning the laser vaporization laser. While 

cognizant of the fact that the differing diameters between the capillary jig and the laser 

vaporization source adapter created a discontinuity in the gas channel, this capillary mount 
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was nevertheless pressed into service as a straight channel nozzle. In order to permit the 

target rod to lay directly adjacent to the channel, the far side of the jig (from the 

perspective of the laser vaporization laser direction of propagation) was machined close to 

the channel bore diameter. A schematic showing the placement of the target rod against 

the modified straight channel jig is shown in Figure 2-66. 

Despite some initial concerns regarding the channel diameter mismatch mentioned 

earlier as well as the somewhat long length (0.450 11
) of the gas channel, this straight 

channel configuration worked quite well, generating large cluster distributions comparable 

to those observed with the second generation laser vaporization source ( see Figure 

2-101). The single great advantage of this new experimental configuration, coupled to the 

improvements to the pulsed valve discussed in Section 2.2.3.2, was that the experiment 

was able to be run at significantly lower source chamber pressures. As was alluded to 

earlier, the first and second generation laser vaporization sources only produced large 

Al• Arn cluster distributions when the source pressure was close or at the stalling pressure 

of the diffusion pumps, specifically 8. Ox 10-4 torr. The potential for stalling may have even 

been further accentuated by the fact that the peak pressure produced with each gas pulse 

was undoubtedly significantly higher than this measured average pressure, albeit for a 

transient period. The disconcerting observation of diffusion pump fluid pooling in the 

foreline tubes after extended periods of use tended to reinforce this worry. Since the time 

the new source was installed, however, the machine has been able to be run at a 

significantly lower average pressure, lxl 0-4 torr, while generating mostly identical cluster 

distributions to those produced by the previous designs. Equally satisfying, this new 
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experimental configuration solved the problem of diffusion pump fluid being swept into 

the foreline. 

Due to the outstanding performance of this source, the third generation laser 

vaporization source has become the workhorse for the machine. The only fundamental 

change that might be envisioned would be to play with the straight nozzle piece, in 

particular, the bore diameter, to see whether this has any effect on source performance. 

For experiments where moderate cluster sizes (metal•(solvent)n, n :s:; 60) are required, this 

new source design has nonetheless proven very effective in its present configuration. 

2.2.5. The MPI Region 

Everything that has been discussed up to this point has concerned the details of the 

source chamber and the mechanical details/components of the source itself. The other half 

of the machine that remains to be discussed was dedicated to detection of the species 

generated in the source. The methodology chosen to study the species presented in this 

thesis was multiphoton ionization (MPI). In and of itself, the acronym MPI is rather non­

informative since it encompasses an expansive array of both resonant and non-resonant 

techniques that can be employed in linear as well as non-linear regimes. For clarification, 

the term MPI will be used throughout this thesis in the broadest sense, i.e., the generation 

of ionic species via the direct absorption of more than a single photon of light regardless 

whether this occurs resonantly or non-resonantly. In the case where ionization occurs via 

direct resonant absorption to some intermediate state by one or more photons followed by 

direct ionization of this excited state, the acronym REMPI (resonance-enhanced 
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multiphoton ionization) will be employed. This general definition is preferred over other 

more restrictive acronyms that exist since it allows for both single- as well as multi-color 

ionization schemes. 

Ionization-based detection schemes possess a number of advantages over light 

collection-based detection schemes such as the laser induced fluorescence (LIF) that was 

employed in the initial experimental phase detailed previously.1 Foremost is the possibility 

for mass selection, commonly achieved through the use of time-of-flight (TOF) or 

quadrupole mass spectrometry. This is of particular importance when one is probing an 

entire cluster distribution where a number of different species might possess spectral 

features at the same wavelength. Mass selection allows the ability to separate out the 

spectral intensity of each individual cluster size at a given wavelength - something that is 

impossible with fluorescence techniques. The second great advantage to ionization-based 

detection is that there is extremely low background. Unlike fluorescence, where great 

care must be taken to ensure all source of stray light are extensively baffled, :MPI 

experiments can be configured such that there is almost no background beyond that 

derived from ions formed by the direct ionization of pump oil. 

After struggling with fluorescence-based techniques for about a year and half, the 

decision was made to convert over to an :MPVTOF detection scheme. This required the 

design and construction of an entirely new section for the experimental apparatus which at 

that time consisted only of the source chamber. The physical components that were 

required in order to implement this new experimental approach are presented 

schematically as numbers 11 through 20 in Figures 2-1 and 2-2. The details of the design 
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of this new section of the machine, now referred to colloquially as the "MPI region," is the 

subject of the following sections. 

2.2.5.1. Chamber Components 

The principal components that constitute the main chamber of the MPI region are 

labeled by the numbers 15, 17, and 19 in Figures 2-1 and 2-2. Anchoring the entire MPI 

region is a reducing four-way cross (see Figures 2-67 through 2-71) referred to as the 

"RE:MPI chamber." This custom designed chamber (fabricated by MDC) was fairly 

simple, consisting primarily of two orthogonally-oriented tubes of differing tube diameters. 

The horizontal tube oriented concentric to the molecular beam axis was a nominal outer 

tube diameter of 6.000", with a rotatable 8" ConFlat flange welded onto one end and a 

custom-designed non-standard ASA flange welded to the other. The vertical tube 

possessed an outer tube diameter of 8.000", and was designed with a standard ASA-6 

flange welded to the bottom end, while the top end of the tube was equipped with a 

standard NW-200 ISO flange. The tube thickness used for this piece was 0.120", the 

standard MDC tube thickness. 

Four 2-3/4" ConFlat ports were added, two on each side of the horizontal tube, 

that were positioned perpendicular to the molecular beamline. Two of these ports were 

positioned at the intersection of the horizontal and vertical center lines on each side of the 

piece, while the other two were positioned 2.630" away from the surface of the custom 

ASA flange along the horizontal center line. These ports served as laser ports through 

which the MPI laser pulses could be introduced through the chamber to intersect the 
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molecular beam. In the present experimental configuration, only the two ports that lay 

along the horizontal and vertical center lines are used as MPI ports, the other two being 

blanked off The laser ports consisted of a specialty l II nominal outer diameter 

compression port (Laser Window C-688, R. M. Jordan Company) that was welded into 

the center of a standard 2-3/4 ConFlat flange. This specialty compression port is designed 

to accommodate a 1.20011 (30 mm) diameter, 0.125 11 thick herasil quartz window that was 

transparent through most of the UV range (75% transmission efficiency at 180 nm). 

In addition, a 0.75011 nominal tube outer diameter compression port was added to 

the lower region of the vertical tube. This compression port served to mount the iridium 

filament ionization gauge (I-075-N, Duniway Stockroom) used to monitor the chamber 

pressure with the diffusion pump employed. 

As is shown in Figures 2-1 and 2-2, the pumping stack for the REMPI chamber 

consisted of an 611 electro-pneumatically actuated aluminum gate valve (VRC LP Series, 

now owned by the Kurt J. Lesker Company), a 0.75011 thick aluminum baseplate, a 611 

diffusion pump liquid nitrogen trap, and a 611 diffusion pump (Varian VHS-6). Due to an 

ASA-6 size mismatch between the bottom ASA-6 flange size and the ASA-6 flange 

dimensions of the VRC gate valve, a thin 0.375 11 thick aluminum gasket needed to be 

installed so that a proper o-ring seating surface could be achieved between the two 

components. The stacks were assembled in the exact same manner as those for the 

source chamber discussed in Section 2.2.1. Likewise, the VHS-6 diffusion pump and 611 

gate valve were interlocked in an identical manner to the VHS-10 diffusion pumps of the 

source chamber using a homebuilt interlock as presented in Section 2.2.1. The VHS-6 



88 

diffusion pump was backed by a Leybold-Hereaus S30A single-stage direct drive 

mechanical pump rated to achieve a pumping speed of 27 cfm. In the present 

experimental configuration, Santovac 5 (0.5 l) was used as the diffusion pump fluid. 

As discussed earlier in Section 2.2.1, one of the key functions for the RE:MPI 

chamber was to mount the skimmer flange (see Figure 2-13) via a custom ASA flange 

seen in Figure 2-68. By mounting the skimmer flange, the RE:MPI chamber supported the 

entire source mount assembly. The experimental apparatus was designed such that the 

only opening between the source chamber and the :MPI region was afforded by the 3 mm 

skimmer orifice ( see Figure 2-13 and 2-17). Therefore, the :MPI region served as the 

second region of differential pumping for the pulsed beam expansion. Presently, there 

does not exist a third differential pumping region in the apparatus. Therefore, the entire 

:MPI region consisting of the RE:MPI chamber, the TOF asymmetric double nipple (labeled 

number 17 in Figures 2-1 and 2-2), and the TOF flight tube (labeled number 19 in Figures 

2-1 and 2-2) composed the second differential pumping region since these components 

were contiguous in the present experimental configuration. 

To reduce oil background in the experiment, liquid nitrogen was used to cool the 

VHS-6 cryotrap. When liquid nitrogen cooling was employed, base pressures as low as 

1.0xl0-8 to 2.0xl0-8 torr could be achieved. With no cooling of the VHS-6 cryotrap, the 

:MPI region could typically attain a base pressure between 6.0xl0-8 to 8.0xl0-8 torr once 

the chamber had sufficiently outgassed. During the experiment when the pulsed valve 

was running, the :MPI chamber maintained a base pressure of l.0xl0-6 torr. 

The :MPI region was designed such that ions formed by :MPI could be vertically 
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extracted into the TOF mass spectrometer. In general, such a configuration has the 

advantage that the great majority of the gas pulse is not introduced into the TOF tube with 

each shot. Even in the present configuration where the entire rvt:PI region consisted of a 

single differential region, much of the same advantage was gained since the extracted ions 

formed by rvt:PI could be mass analyzed before the jet struck the back flange of the RErvt:PI 

chamber. Hence, the base pressure within the TOF mass spectrometer tube was at its 

minimal level during the time window at which mass analysis was occurring. 

In order to implement vertical extraction of ions formed directly by rvt:PI, the 

NW-200 ISO port at the top of the RErvt:PI chamber vertical tube was used to mate to a 

custom designed asymmetric double nipple (see Figures 2-72 through 2-75). The primary 

purpose of this piece was to both mount the TOF ion optics within the RE:MPI chamber 

(see Section 2.2.5.2), as well as to provide all of the electrical feedthroughs that were 

required to introduce the proper potentials to each of the ion optic elements. As is evident 

from inspection of Figures 2-72 through 2-75, the double nipple consisted of a 6. 000" 

long, 4" nominal outer diameter tube with a standard rotatable 6" ConFlat flange welded 

to one end, and an extensively modified NW-200 ISO flange welded to the other. Figure 

2-72 shows the bottom surface view of the NW-200 ISO flange that mated directly to the 

RE:MPI chamber. Through the center of the NW-200 flange was a 2.000" diameter hole 

that served as an opening between the RErvt:PI chamber and the TOF tube. Around the 

central hole was a 4.000" diameter, 0. 100" deep counterbore that served to key the top 

mounting plate for the TOF ion optics stack ( see Figures 2-79 through 2-81) whose 

design will be presented in the following section. The ion optics mounting plate was 
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attached to the bottom surface ofthis flange via a set of four equally-spaced 10-32 UNF 

tapped holes placed within the counterbore on a 3.500" diameter bolt circle. 

Surrounding this central counterbore were a set of 12 equally spaced electrical 

feedthroughs that were welded into place. In order to accommodate any experimental 

configuration that might be employed in the future, three different types of electrical 

feedthroughs were added in excess over what was required for the experiments described 

in this thesis. Seven high voltage SHV electrical feed connectors, three BNC 

electrical feed connectors, and two son electrical feed connectors were arranged as 

shown in Figure 2-72. In between several of the electrical feedthroughs were tapped eight 
, 

holes for 8-32 UNC thread to a 0.300" depth. These tapped holes served to attach a set 

of stainless steel grounding pins (see Figure 2-76) that were designed to mate directly to 

standard Be-Cu "Push-On" electrical pin connectors. In this manner, reliable ground 

connections could be made to various components of the TOF ion optics stack. 

A secondary function of this double nipple was to provide an easy means to work 

on the TOF ion optics assembly without having to significantly dismantle the MPI region 

to do so. Specifically, the entire TOF components labeled by numbers 16 through 20 in 

Figures 2-1 and 2-2 were designed to be lifted directly out of the REMPI chamber by a 

half-ton pulley mounted on the ceiling of the lab directly above the TOF tube. In order to 

attach these components to the pulley, four lift plates designed to connect to chains 

suspended from the pulley were welded directly to the outer tube surface of the 

asymmetric double nipple as shown in Figure 2-74. These lift plates were designed to 

support the weight of the entire TOF assembly. This design feature made maintenance of 
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the TOF ion optics particularly facile. To work on the ion optics, one needed only 

disconnect the six ISO double claw clamps securing the asymmetric double nipple to the 

REMPI chamber, and lift the whole assembly out above the REMPI chamber. 

The 6" rotatable ConFlat flange attached to the opposite end of the asymmetric 

double nipple served to mount a 6" ConFlat electro-pneumatically controlled stainless 

steel gate valve (Varian), labeled number 18 in Figures 2-1 and 2-2. The purpose of this 

gate valve was to permit the REMPI chamber to be vented without having to expose the 

detector (labeled number 20 in Figures 2-1 and 2-2) mounted within the TOF tube (labeled 

number 19 in Figures 2-1 and 2-2) to atmosphere each time - thus extending the lifetime of 

the detector. This gate valve was interlocked to the Granville-Phillips 307 Vacuum Gauge 

controller in such a manner that if the ionization gauge monitoring the pressure within the 

REMPI chamber ever rose higher than 8.0xl0-6 torr, this gate valve was immediately shut. 

This served to protect the detector from being accidentally exposed to high gas pressures 

during the course of an experiment while high voltage was being applied across the 

detector microchannel plates. 

The final structural component of the MPI region was the TOF flight tube (see 

Figures 2-77 and 2-78). Along the lengthwise axis of the piece, the nominal outer tube 

diameter of the flight tube was designed to be 4", identical to the tube diameter of the 

asymmetric double nipple. At the end that mated to the 6 11 ConFlat stainless steel gate 

valve, a standard rotatable 6 11 ConFlat flange was welded in place. The opposite end of 

the tube was fit with a standard non-rotatable 6" ConFlat flange that was designed to mate 

to the microchannel plate detector flange that will be discussed later in Section 2.2.5 .3. 
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The length of the flight tube was chosen such that the total distance between the ionization 

point at the center of the RE:rvt:PI chamber and the front face of the micro channel plate 

detector was 1 m. 

A number of additional ports have been added to the flight tube, although none is 

presently in use. On the end closest to the 6" ConFlat gate valve, a set of four 2-3/4" 

ConFlat ports have been placed symmetrically about the piece. Near the other end of the 

tube, two nominal 4" outer diameter tubes have been added on opposite sides of the flight 

tube. Each of these tubes has had standard non-rotatable 6" ConFlat flanges welded to the 

ends. Orthogonal to the 6" ConFlat ports have been placed two additional 2-3/4" ConFlat 

ports. 

Eventually, the goal is to mount a turbopump off one of the 6" ConFlat ports so 

that the TOF tube can be maintained under active vacuum when the 6 11 ConFlat gate valve 

is shut, thus prolonging the lifetime of the microchannel plates. Nevertheless, experience 

with the apparatus has shown that the leak rate into the TOF tube with the 6" ConFlat 

gate valve shut was minimal even over several days. This was inferred from the fact that 

opening the 6" ConFlat gate valve while the RE:rvt:PI chamber was pumping out in the 

lxl0-6 torr range did not cause the chamber pressure to rise. In fact, opening the gate 

valve sometimes served to lower the chamber pressure. Therefore, the installation of a 

turbopump has not been a priority. 

2.2.5.2. Time-of-Flight (TOF) Jon Optics 

Originally reported in a classic paper by Wiley and McLaren, time-of-flight (TOF) 
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mass spectrometry has evolved into one of the most extensively used techniques for mass 

analyzing ionic species. 29 The physical principles behind TOF mass spectrometry are quite 

easy to understand - essentially reducing to nothing more than the principle of 

conservation of energy. Mass separation is achieved in a TOF experiment by suddenly 

placing a packet of ions within a region. of high electrostatic potential. In the experiments 

described in this thesis, this rapid ionization was accomplished by the multiphoton 

ionization of neutral cluster species formed within the supersonic expansion. If, to a first 

approximation, all of the ionic species that are created lie at the same electrostatic 

potential, then all species acquire the same potential energy independent of mass. The 

ions will then begin to accelerate down the potential difference, converting the initial 

potential energy to kinetic energy. However, since all ions begin with the same potential 

energy, they must all acquire the same kinetic energy within the acceleration region. Ifwe 

consider two masses, mh and m1 denoting a heavier mass and a lighter mass respectively, 

conservation of kinetic energy requires that 

where vh and v1 denote the steady state velocity of the heavier and lighter mass 

respectively upon exiting the acceleration region. If after the initial acceleration region we 

allow the ions to travel in a field free region for a distance, d, we can calculate the arrival 

times for the ions at the point, d, using the relation v = (d/t). Using algebra, we obtain the 

following relationships for the arrival times of the two ions: 

In other words, ions of different mass will traverse the distance, d, with an arrival time that 
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is proportional to the square root of the ion mass. Therefore, lighter ions will arrive 

before heavier ones, which is intuitive since they acquire a higher terminal velocity 

following the acceleration region. 

Part of the popularity of this technique derives from the ease with which TOF mass 

analysis can be implemented. For a straight :MPI experiment where the ions are formed 

within a confined region of space no larger than the beam diameter of the ionizing laser, 

the demands on the design of the electrostatic ion optics are minimal. In particular, only 

three primary components need to be included - an ion extraction region that serves to 

inject the ion formed by MPI down the TOF flight tube, an einsel lens that will focus the 

ions onto the detector, and a pair ofx-y deflectors that serve to deflect the ion flight path 

towards the detector. The remainder of this section is dedicated to outlining the design of 

the TOF ion optics that were employed for the experiments reported in this thesis. 

As was alluded to in the previous section, the ion optics were designed to mount 

to the bottom surface of the asymmetric double nipple where they would extend into the 

point at which the MPI laser pulses crossed the molecular beam. A sectional view of the 

ion optics mounted to the asymmetric double nipple and subsequently housed within the 

REMPI chamber is presented in Figure 2-79. The center lines in Figure 2-79 intersect at 

the exact point where the MPI laser crosses the molecular beam within the REMPI 

chamber. 

The ion optics assembly itself can be seen in Figure 2-80. The number labels in 

Figure 2-80 refer to the individual part numbers for the various components that are 

included as machine drawings in Figures 2-81 through 2-88. To ensure both maximum 
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versatility and variability in the ion optic components themselves, the majority of the ion 

optics assembly is constructed from standard "eV parts" purchased from Kimball Physics. 

The salient advantage of using e V parts is that they permit an enormous variety of reliable 

electrostatic components to be assembled quickly and accurately. 

All of the machined components numbered in Figure 2-80 with the exception of 

Part #6 serve as a rigid support frame upon which the e V part ion optics could be 

installed. As is evident from Figure 2-80, the frame has been divided into an upper and 

lower section. The reason for this is that the e V parts were to be mounted on a set of four 

alumina tubes separated by appropriate alumina spacers ( all purchased from Kimball 

Physics). Unfortunately, Kimball Physics did not manufacture alumina tubes longer than 

6. 000" in length, meaning that all of the ion optics could not be mounted off of a single set 

of four tubes. Rather, the ion optics assembly was divided such that the lower frame 

would mount the ion extraction region and the einsel lenses, while the upper frame would 

mount the x-y deflectors. 

The entire frame consists of three mounting plates (Part #1, Part #2, and Part #3 in 

Figure 2-80) that are separated by two sets of four stainless steel posts (Part #4 and 

Part #5 in Figure 2-80). The posts have been staggered in such a way that when the ion 

optics assembly was installed, the posts of the lower frame interfered neither with the l\1PI 

laser beam path nor the molecular beam path. Each plate has a set of four 0.124" 

diameter, 0.100" deep counterbores, the top and bottom plates possessing a set in one of 

the surface faces and the middle plate having a complete set machined into both surface 

faces. These counter bores were designed such that four 611 long alumina tubes (AhO3-
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TU-C-6000, Kimball Physics) could be mounted into the lower frame (consisting of Part 

#2, Part #3 and Part #4 in Figure 2-80) in a completely externally supported manner. 

Likewise, the upper frame served to form an externally supporting housing for four 3 11 

long alumina tubes (AhO3-TU-C-3000, Kimball Physics). All of the mounting plates 

possessed a 1.700" diameter central hole. Furthermore, the top mounting plate has had an 

additional 2.000" diameter, 0.250" deep counterbore machined into the surface that seated 

directly against the asymmetric double nipple. Within this counterbore has been placed 

four 4-40 UNC tapped holes on a 1.950" diameter bolt circle. This has been designed 

such that a thin plate bearing a small diameter central hole can be mounted to the top of 

the ion stack. While such a plate was not in place during the experiments, this can serve in 

the future as a means to convert the TOF tube into a third differential pumping region in 

the event a turbopump is ever installed near the detector region. 

The ion extraction region was designed with three electrostatic plates mounted 

near the base of the ion optics assembly. The lowermost element, the repeller, was a solid 

stainless steel plate (SS-PL-C7x7-B, Kimball Physics) that slip-fit without play onto the 

set of four alumina tubes. During the course of the experiment, the repeller was typically 

maintained at a +2.0 kV potential. Offset above the repeller by 0.500" via the use of an 

alumina spacer( s) was the middle extraction plate. The middle extraction plate was a 

stainless steel plate (SS-PL-C7x7-R1000, Kimball Physics) that possessed a 1.000" 

diameter hole in the center. Thus hole was covered by spot-welding a thin tungsten mesh 

(W-KG-060/002, Kimball Physics) over the opening to prevent any curvature of the 

electric field lines when voltage was applied to the plate. Potentials between+ 1.78 kV to 
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+ 1. 85 kV were generally applied to the middle extaction plate to obtain optimal TOF 

performance. Offset from the middle extraction plate again by 0.500", the uppermost ion 

extraction element was identical to the middle extraction plate, and was likewise covered 

with tungsten mesh. This plate was directly grounded to the asymmetric double nipple 

using one of the custom made steel pins (see Figure 2-76). Effectively, the uppermost ion 

extraction element served as the ground plane for the ion extraction stack, signifying the 

terminal point of the ion acceleration region and the beginning of the ion field-free flight 

region. The entire frame assembly was designed such that when it was installed onto the 

asymmetric double nipple and lowered into place within the REMPI chamber, the 

ionization point would lie exactly in between the repeller and middle ion extraction 

element at the center of both plates. 

In order to optimize the focus of the extracted ion on the surface of the 

microchannel plate detector, an einsel lens was also installed into the lower frame of the 

ion optics assembly. Each individual einsel lens consisted of a 1. 000" outer diameter 

stainless steel cylinder (SS-CY-1000/1000, Kimball Physics) with a 0.050" wall thickness 

and a 1. 000" length. In order to mount these onto the alumina tubes of the lower frame, 

each of the cylinders were spot-welded directly to a stainless steel plate with a 1.000" 

diameter central hole (SS-PL-C7x7-Rl 000, Kimball Physics) via the use of stainless steel 

mating rings (SS-WR-1000/031, Kimball Physics). The einsel lens elements were installed 

into the lower frame such that the initial opening lay 0.800" above the grounded ion 

extraction element, and each of the einsel components was offset from other by O. 025 11 

using an alumina spacer. The upper and lower einsel lens elements were grounded directly 
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to the asymmetric double nipple using one of the custom made steel pins (see Figure 

2-76). The central, focusing einsel lens element was typically set between +950 V and 

+ 1.1 kV during the course of an experiment depending upon the size of the cluster 

distribution that was being optimized. 

The purpose of the upper frame was to house a set ofx-y deflectors that would 

permit the extracted ions to be steered accurately to the detector. No completely 

satisfactory deflector element was deemed feasibile using solely e V parts, so the deflector 

elements were custom machined (see Figures 2-86 through 2-88). The deflector assembly 

consisted of three simple components, of which four complete sets were fabricated . The 

first was a mounting block (see Figure 2-86) that permitted the deflector assembly to be 

mounted directly onto the set of four alumina tubes housed within the upper frame. In 

addition, the mounting blocks were designed with a counterbored lip onto which a 

stainless steel right angle bracket (see Figure 2-87) was spot-welded into place. This right 

angle block served to couple the the mounting block to the deflector plate itself (see 

Figure 2-88) such that the delector plate was oriented parallel to the alumina tubes. Each 

deflector plate was mounted to the deflector assembly by spot-welding each plate directly 

to the right angle block. 

Due to the fact that each deflector mount was designed to be secured within the 

upper frame by two of the four alumina tubes, a staggered configuration was required to 

mount each of the four deflector assemblies into the upper frame (see Figures 2-89 and 

2-90). To achieve this, each deflector assembly was designed such that the right angle 

bracket was spot-welded to the deflector plate directly at its midline. The dimensions of 
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the deflector mounts were subsequently chosen to ensure that each deflector assembly was 

symmetrical with respect to inversion about a 0.100" wide alumina spacer. In other 

words, one set of two deflectors controlling one dimension of ion steering were mounted 

right-side up on two of the alumina tubes of the upper frame. Separated by a O .100" wide 

alumina spacer, the other set of two deflectors controlling the orthogonal direction of ion 

steering was mounted upside-down on the alumina posts, 90° relative to the other two. 

Due to the symmetry of the deflector mounts, this ensured that all deflector plates were 

alligned perfectly at the midpoint of the upper frame as well as perfectly alligned 

orthogonal to each other with minimal separation between adjacent deflector plates. 

Before assembling the complete ion optics assembly, the surface of each spot­

welded component was smoothened using a fine grit emory paper to remove any sharp 

edges that might result in point regions of high electric field. Once all the ion optics were 

smooth, each component was coated with Aquadag ( an electrically-conductive graphite 

coating) in order to ensure that the surfaces of each electrostatic element would remain at 

a constant potential in the event miniscule deposits of oil or other contaminents became 

deposited on the surface over time. 

2.2.5.3. Microchannel Plate Detector Flange and Mass Gate Components 

As shown in Figures 2-1 and 2-2, a detector (labeled number 20 in Figures 2-1 and 

2-2) for the mass separated ions was placed at the end of the TOF field-free flight region. 

The detector used for the experiments described in this thesis was a dual microchannel 

plate (MCP) assembly (Detection Quality Long-Life Microchannel Plate Matched Set for 



Chevron Assembly, Galileo). Each MCP had the following characteristics: 25 mm active 

area, 12 µm center-to-center distance, 10 µm pore diameter at a 12° bias. By purchasing 

the plates as a matched set, the bias current within the two plates was specified to be 

within 10%, thus ensuring an even potential drop across the two plates. Rather than 

design a custom housing, a standard MCP housing assembly was purchased (TOF-2003, 

Galileo) that was designed with a 50.Q co-axial anode as a fundamental design feature of 

the detector assembly. By impedance-matching the anode, the detector could exhibit a 

very fast response while at the same time all but eliminating interference from pulse 

reflections. Another convenient design feature was that the TOF-2003 housing was 

designed with a built-in female BNC connector at the end of the detector, rendering 

mounting of the MCP detector assembly exceedingly facile. 

To mount the detector as well as to supply the required operating voltages for the 

detector assembly, a custom 611 ConFlat flange was fabricated that was subsequently 

referred to as the detector flange (see Figures 2-91 through 2-93). At the center of the 

detector flange, a 50.Q doubled-ended BNC matched-impedance connector was welded 

into place. As shown in Figure 2-92, the double-ended 50.Q. connector was welded to the 

UHV side of the 6 11 ConFlat flange. This provided easy access to the BNC connector to 

which the TOF-2003 housing was mounted. In addition, six SHV and four BNC electrical 

feedthrough connectors were added to the detector flange as shown in Figure 2-92. One 

SHV feedthrough connector was used to supply the -1.5 kV to -2.0 kV bias voltage 

required at the MCP cathode. Furthermore, to enhance the collection efficiency of the 

electrons exiting the MCP stack, the anode of the MCP stack was typically biased to 
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-100 V, the voltage being supplied through one of the BNC feedthrough connectors. This 

bias served to maintain the acceleration of the electron packets in the free space region 

between the anode side of the MCP stack and the metal anode of the detector. 

One negative feature of the TOF-2003 detector assembly was the fact that only a 

single BNC connection served to fix the detector to the detector flange. As a result, the 

detector was somewhat wobbly when mounted to the detector flange, and had a tendency 

to hang slightly crooked when installed free-hanging onto the TOF tube. A less than 

perpendicular interface between the cathode face and the incoming ion packets will reduce 

the efficiency of the detector since it serves to alter the ideal 12° bias of the individual 

channels within the MCP. Therefore, a spring-loaded alignment collar was designed for 

the TOF-2003 detector shield housing that permitted perfect axial alignment to be 

achieved along the axis of the detector. To mount this alignment collar, three additional 

8-32 UNC tapped holes were added to the UHV side of the detector flange as shown in 

Figure 2-93. These three tapped holes served to mount three stainless steel posts (see 

Figure 2-98) that were secured to the detector flange by threading the wider 0.313" 

diameter end of the posts into 8-32 UNC set screws previously seated into the 8-32 UNC 

tapped holes. Once attached to the detector flange, the smaller 0.250" diameter ends of 

the three posts were fitted with homemade 0.250" inner diameter springs that possessed 

moderate spring tension. Finally, a custom designed plate (see Figure 2-99) was fit over 

the 0.250" diameter ends of three posts was seated directly against the springs. The 

central bore of this plate was designed to fit directly against the conical shield of the TOF-

2003 detector housing. Therefore, when the detector was installed onto the 50Q BNC 
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connector of the detector flange, the conical shield of the detector housing lightly pressed 

the plate against moderate spring tension. This enabled the detector housing to be 

precisely aligned within the central bore of the plate, ensuring that the alignment of the 

detector was perfectly straight. 

In addition, another thin stainless steel plate was mounted to the ends of the posts 

which lay within a centimeter of the surface of the MCP cathode. The purpose of this 

plate, besides securing the ends of the posts into a rigid assembly, was to provide a ground 

plane above the MCP detector to prevent any incursion of the MCP electric field lines into 

the field-free flight region of the ions. This plate possessed a 1.000" diameter central 

orifice that exposed the entire active area of the MCP. Tungsten mesh was then used to 

cover this orifice to ensure minimal penetration of the electric field through the hole. 

Furthermore, the tungsten mesh helped to maintain regular parallel field lines between the 

cathode of the MCP and the plate, creating an even acceleration region for the incoming 

ions that assisted in their efficient collection. 

The final component of the machine in its present configuration was the mass gate. 

Little more than glorified deflectors, a typical mass gate is a pair of small parallel plates or 

wires that are placed within the TOF field-free flight region such that the extracted and 

focused ion beam passes in between these two electrostatic elements. Their purpose is to 

permit the selective detection of specific ion( s) to the exclusion of all others, thus greatly 

simplifying the observed mass spectrum as well as reducing wear on the MCP. The 

manner in which this is done is simple, and involves the use of narrow pulsewidth, high 

voltage pulses applied across the mass gate electrostatic elements. By briefly pulsing a 
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high voltage DC field to ground ( or vice versa) across the mass gate electrostatic 

elements, one acquires the ability to deflect a pre-determined subset of ions away from 

striking the detector. 

The mass gate constructed for the machine was a simple design (see Figures 2-94 

through 2-97), consisting of a mounting frame and two electrostatic deflector elements. 

One consideration in designing the mass gate was to make the mounting frame as versatile 

as possible for future applications. In particular, both the front plate (see Figure 2-94) and 

the rear plate (see Figure 2-95) of the mounting frame have been designed with hole 

patterns matching those from Kimball Physics "Class C" e V parts. Consequently, the 

mass gate frame is well suited to serve as a platform upon which additional electrostatic 

elements can be readily added in the future. 

Both mounting plates were machined with a 0.500 11 diameter central orifice that 

permitted the passage of the ions through the mass gate. These central holes were 

purposely left large so that ions formed from unfocussed l\1PI laser pulses could be 

efficiently collected without losing ions due to collisions with the front plate. The mass 

gate deflector elements were composed of two stainless steel bars, into which two 0.12411 

diameter holes were machined at a separation of 1.200" center-to-center. These 

dimensions match those for Kimball Physics "Class C" e V parts, enabling these two bars 

to be mounted directly adjacent to the central orifices of the front and back mounting 

plates. 

To assemble the mass gate, a 1.00011 long "Class C" alumina rod (AhO3-RO-C­

lO00, Kimball Physics) was inserted through the mass gate deflectors. Next, 0.075 11 long 
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alumina spacers was added over each end of the alumina rods such that each surface of the 

mass gate deflectors had a single spacer positioned adjacently. The two spacer-deflector­

spacer assemblies supported by the alumina rod were then sandwiched between the front 

and back mounting plates - the alumina rods passing through the Kimball Physics "Class 

C" hole pattern on both faces . The alumina rod was then held loosely in place by adding 

an external retaining ring around each end of the alumina rods that extended outward from 

the front and back plates. This served to prevent the alumina rods from sliding out. 

Finally, the front and back mounting plates were rigidly bolted together using four 0.500" 

long stainless steel 4-40 UNC standoffs that spanned four through-holes machined into 

both mounting plates on a 2.150" diameter bolt circle. 

The entire mass gate assembly was mounted at the end of a set of three 6.075" 

long stainless steel posts (see Figure 2-97). The opposite end of this post was joined to 

the end of the stainless steel post mounting the MCP ground plate (see Figure 2-98) via 

set screws that were seated into the latter post. As a result, the MCP ground plate 

became sandwiched between the ends of the two posts. The mass gate assembly was then 

mounted to the other end of the 6.075" long stainless steel posts, creating a rigid frame 

whose total length projected almost a foot from the surface of the detector flange. The 

length of the posts separating the MCP ground plate and the mass gate assembly was 

chosen such that when a 500 V potential difference was applied across the mass gate 

electrostatic elements, all ions would be deflected sufficiently as to miss striking the 

surface of the MCP detector. 
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2.3. Experimental Methodology Overview 

An overview of the experimental methodology as well as the hierarchical flow of 

control between the various experimental components is shown in Figure 2-100. Briefly, 

the effective time zero of the experiment was defined by the opening of the piezoelectric 

pulsed valve. The pulsed valve was run at a frequency of 19 Hz with a typical backing 

pressure of 8 - 10 atm of pure argon gas. Following injection of each gas pulse, a focused 

3 5 5 nm laser pulse was fired onto the surface of an aluminum laser vaporization target rod 

just as the gas pulse reached the region within the source at or adjacent to the ablation 

point. The resultant plasma was subsequently entrained within the gas and cooled by 

supersonic expansion into a high vacuum environment, generating a wide distribution of 

Al•Arn van der Waals clusters. 

The resultant molecular beam was then skimmed using a 3 mm orifice diameter 

skimmer, and allowed to drift into the region between the repeller and middle ion 

extraction plates that were maintained at DC voltages of +2. 0 kV and approximately+ 1.8 

kV to+ 1.85 kV respectively. As the molecular beam traversed over the center point of 

the ion extraction plates, the molecular beam was crossed with the output of the MPI 

pumping laser. The MPI pumping laser was a Nd:YAG pumped dye laser system that was 

equipped with doubling ( doubled dye), mixing ( dye output plus Nd: Y AG fundamental), 

and mixing after doubling ( doubled dye plus Nd: Y AG fundamental) capabilities. 

Consequently, the MPI pumping laser was, for the most part, continuously tunable over a 

wavelength range spanning 844 nm to 248 nm. 

Molecular species with the beam that possessed resonant spectral features at the 
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MPI pump wavelength were directly ionized by the absorption of two or more photons. 

The generated ions were then extracted into the 1 m field-free flight region of the TOF 

mass spectrometer after an initial acceleration region of approximate 0.750 11 that provided 

each ion with a kinetic energy of approximately 1.92 keV. During the field-free flight 

region, the ions became spatially separated, thus generating unique ion packets consisting 

of single mass species. Due to the separation in mass, each ion packet of unique mass 

likewise acquired a unique temporal arrival time at the detector, the lighter masses 

preceding the heavier ones. The ion packets were detected using a dual-microchannel 

plate detector to produce a mass spectrum showing the ion distribution as a function of 

arrival time. A characteristic TOF mass spectrum showing the Al• Arn cluster distributions 

that could be observed from the laser vaporization source is shown in Figure 2-101. 

Particularly noteworthy was the absence of any Al2• Arn species or any other higher 

aluminum multimeric species bound to Arn clusters. TOF mass spectra obtained during 

the course of the experiments described in this thesis exhibited cluster distributions that 

commonly spanned sizes corresponding to the closing of the second icosahedral solvent 

shell (see Figure 2-101). 

Fallowing two stages of amplification, the signal was introduced into two separate 

gated integrators (SRS SR-250). These gated integrators could be used independently to 

gate two different masses, or in tandem - one gated integrator monitoring the signal from 

a specific mass while the other monitored the baseline directly preceding this mass signal. 

The latter approach was particularly useful when scanning larger cluster sizes since 

substantial ion backgrounds were typically observed that derived from the slow tails of the 
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preceding lower mass species. The output of each gated integrator was then sampled 

electronically and recorded by an AID converter (DAS-1600, Keithley-Metrabyte). Three 

inputs were sent to the DAS-1600 AID converter - two data inputs derived from the two 

SRS SR-250 gated integrator units and one derived from a homebuilt gated integrator that 

served to measure the power of the 1\1PI laser (see Figure 2-100). Finally, the digitized 

data was compiled by a data aquisition program (DYEDATA) and stored in file format 

for subsequent analysis. 

The remainder of this chapter relates the specific details of the various 

experimental components outside of the apparatus itself 

2.3.1. The Gas Inlet System 

In order to control the gas flow to the pulsed valve, a stainless steel gas manifold 

was constructed using a combination of stainless steel pipe fittings, Swagelock fittings, 

and VCR fittings. As shown schematically in Figure 2-100, there existed two ways by 

which the argon carrier gas could be introduced into the pulsed valve. The first was by 

directly connecting the regulated output of a gas cylinder to the gas manifold. This was 

particularly convenient when only a single gas was to be used for the experiment since the 

only limitations on the backing pressure were due solely to the specifications of the gas 

regulator itself 

In addition, two individual mass flow controllers (825-B, Edwards) were added to 

the gas manifold, separated from the main body of the manifold by Nupro valves, in the 

event that an exact pre-set ratiometric mixture of gases was to be employed for the pulsed 
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beam expansion. The flow through these two mass flow controllers was determined by a 

two-channel flow controller (Model 1605, Edwards). Each channel internally controlled 

the flow through a single 825-B controller. As a result, ratiometric flow was determined 

by setting the relative flow rate between the two channels such that the desired gas ratio 

was achieved. 

There were limitations, however, with the use of the mass flow controllers. 

Foremost was the fact that only narrow ranges of backing pressures and flow rate could be 

attained. This was due to the fact that the 825-B controllers can be fitted with only a 

specific orifice size. Since each individual orifice was expensive, only two orifices have 

been used. The 825-B controllers were shipped with "Gl-Type" orifice (Edwards) with 

the following characteristics: 0.007" orifice diameter, 20 - 65 PSI upstream pressure 

range, and 100 scc/m flow rate. These orifices were incapable of supporting the 8 - 10 

atm backing pressures typically used for the experiments, and were therefore mostly 

ineffective for the purposes of these experiments. During the course these experiments, 

the Gl -Type orifices were removed from both of the 825-B controllers and replaced with 

an alternate orifice, namely an "H-type" orifice (Edwards). The H-Type orifices were 

rated with the following characteristics: 0.004" orifice diameter, 65 - 95 PSI upstream 

pressure range, and 100 scc/m flow rate. While the maximum pressure that these orifices 

could withstand was 6.46 atm, it was nevertheless found that the flow rate through these 

orifices was insufficient to supply a sufficient flow of gas to the pulsed valve at the 

maximum pressure. In fact, one would observe that the pulsed valve pressure would drop 

during the course of the experiment since the flow rate of the gas released from the pulsed 
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valve exceeded that supplied by the 825-B controller with the H-Type orifice. Ultimately, 

the poor functioning of the mass flow controllers at high backing pressures combined with 

the helium and neon incompatibility problem with the piezoelectric element used to actuate 

the pulsed valve (see Section 2.2.3. 1) left little need to employ the mass flow controllers. 

All of the spectra presented in this thesis were taken by using pure argon 

expansions that were obtained by connecting the regulated flow from an argon tank 

directly to the gas manifold. While backing pressures of 8 - 10 atm were commonly 

employed, the cluster distributions obtained from the laser vaporization source appeared 

fairly insensitive to backing pressure. Nevertheless, slightly more stable source behavior 

was observed using higher backing pressure, hence motivating their use. 

In order to monitor the pressure of the gas within the gas manifold, a pressure 

transducer (MKS Baratron capacitance manometer, 0-10,000 torr range, model 122AA-

10000BB) was connected to a homebuilt circuit and LED display. Furthermore, the gas 

manifold was connected to a 6 cfin mechanical pump (Alcatel 2008) via a Nupro valve to 

evacuate the gas line when necessary, as well as a thermocouple gauge (DST-531, 

Duniway Stockroom) to monitor the vacuum pressure. 

2.3.2. The Laser Systems 

In the present experimental configuration, two separate laser system have been 

employed. The first system was solely dedicated to the laser vaporization source, and 

whose focused output was used to ablate the target material within the source. The 

second laser used for these experiments was a scanable system that served to generate the 
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tunable l\1PI pump pulses. The specific performance details of these systems as well as the 

manner in which wavelength selection was achieved is the subject of the following two 

sections. 

2.3.2.I. Laser Vaporization Laser 

Almost any laser system that can supply at least a few mJ per pulse of power can 

most likely be successfully utilized as a laser vaporization laser. Nevertheless, there exists 

a fair amount of anecdotal evidence in the chemical physics community that the beam 

profile of the laser ablation laser employed can have a marked effect on the source 

performance. For whatever reason, inhomogeneous beam profiles such as those produced 

by excimer laser are purported to result in poor ablation of the target surface, tearing the 

surface material rather than creating a clean pit from which the surface material has been 

completely removed. On the other hand, Nd:YAG lasers, with their highly gaussian beam 

profiles, have been observed to produce both effective and stable laser ablation sources. 

Furthermore, the surface damage produced by a Nd:YAG tends to exhibit tiny circular pits 

from which the material has been cleanly removed. For this reason, as well as their now 

very reasonable cost, Nd:YAG lasers have become one of the more popular lasers used for 

laser ablation. 

While use ofNd:YAG lasers has become routine, there is little consensus as to 

which Nd:YAG harmonic yields the best laser ablation source. A great number of 

laboratories have successfully implemented 532 nm (Nd:YAG second harmonic) ablation. 

This method has a several obvious advantages, most notably eye visibility, high power, 
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and low cost since only a single doubling crystal needs to be purchased. However, a 

number oflaboratories have shown a strong preference for the third harmonic (355 nm) 

and fourth harmonic (266 nm). One of the motivating forces behind the use of these 

higher harmonics is the empirical belief that use of UV ablation pulses not only efficiently 

remove material from the target surface, but also serves to photodissociate any resultant 

multimeric target atom species within the plasma via multiphoton absorption. In the end, 

choice ofNd:YAG harmonic remains a primarily subjective choice, dependent upon the 

type of source voodoo one prefers. 

Drawing from the experience of others, a Nd:YAG laser (Surelite I, Continuum, 

20 Hz rep. rate) was chosen as the ablation laser for these experiments. In addition, a 

temperature-stabilized harmonic generation crystal housing (HG4-B, Quanta-Ray) was 

purchased into which was installed crystals for second, third, and fourth harmonic 

generation. For all the experiments performed to date, the third harmonic (355 nm) has 

been used for the laser vaporization source. The 3 5 5 nm light was produced first by 

doubling the Nd:YAG fundamental to generate 532 nm light, then mixing the 532 nm light 

with Nd:YAG fundamental in a second crystal to generate the desired 355 nm output. 

The different harmonic generation crystal types as well as the resultant output powers and 

polarizations for each crystal are summarized in Table 2-1. 

Upon exiting the harmonic crystal housing, the desired 355 nm light was strongly 

contaminated with residual 1064 nm and 532 nm light that exists collinear with the 355 nm 

output. In order to separate out the 3 5 5 nm light from the residual wavelengths, the 

output from the crystal housing was reflected off two high power dielectric mirror (Rnax 
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355 nm, Trnax at 1064 nm and 532 nm). Both harmonic separators serve to reflect 

approximately 99.5% of the 355 nm light while transmitting a high percentage of the 1064 

nm and 532 nm light. After two stages of reflection off the high power dielectric mirrors, 

most of the residual 532 nm and 1064 nm light was successfully removed from the 355 

nm beam. However, the remaining 532 nm and 1064 nm components were sufficiently 

diverged from the 355 nm beam at a point approximately one foot in front of the last 

mirror. As a result, an adjustable iris could be employed to pass the 355 nm while 

completely blocking the remaining 532 nm and 1064 nm components. 

With the 355 nm clear of contaminating wavelengths, the laser vaporization pulse 

was transferred from the laser table up to a second aluminum breadboard platform that 

was positioned directly adjacent to the source cross of the machine. This was 

accomplished by the use of a periscope that consisted of two high power dielectric mirrors 

- the lower one mounted at level of the beam on the laser table and the upper one mounted 

on the breadboard at the exact height of the laser inlet channel positioned within the laser 

vaporization source. 

Early on, the power of the laser vaporization pulse was adjusted by increasing the 

delay between the flashlamp firing time and the Q-switch actuation time away from the 

optimal timing. By doing this, however, one ran the risk of degrading the output beam 

profile of the Nd:YAG, resulting in inhomogeneous 355 nm beam profiles. For this 

reason, an alternate means to control the 3 5 5 nm power was sought that would permit the 

Nd:YAG to be operated at its optimal performance level. To achieve this goal, two 

additional optics were installed onto the breadboard platform directly following the upper 
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periscope mirror. The first was a multiple order quarter wave plate (QWPM-355-05-4, 

CVI) mounted in a rotatable housing, followed by thin film plate polarizing beam splitter 

(TFP-355-RW-28.6-14.3-3 .2-UV, CVI) that was mounted at an angle of approximately 

56° relative to the direction of beam propagation. The thin film plate polarizing beam 

splitter was aligned such that in the absence of the quarter wave plate, the horizontal 

polarization of the incident 355 nm laser vaporization pulse would be essentially 

completely passed to the source. Installation of the quarter wave plate prior to the thin 

film plate polarizing beam splitter enabled adjustable reorientation of the incident 

horizontal polarization to variously degrees of ellipticity. All vertically polarized light was 

directly reflected by the thin film plate polarizing beam splitter out of the incident beam 

into a beam block. In essence, by rotating the quarter wave plate, one could adjust the 

amount of 3 5 5 nm light that could be transmitted into the source in a continuously variable 

manner. 

Once the amount of 3 5 5 nm light was selected, the incident laser vaporization 

pulse was focused into the source chamber using a 700 mm focal length suprasil lens 

(CVI). While optimizing the laser vaporization source, it was found that placing the focal 

length directly on the ablation target yielded poor source performance. Instead, the focal 

length was generally set such that it lay to the far side of the laser vaporization source. In 

general, there was a limit to how far away the laser could be focused beyond the source 

without a large degree of the incident pules being clipped by the inlet channel within the 

source itself. Nevertheless, the focal length was typically chosen to lie within a few inches 

of the far-side NW-250 ISO flange on the opposite side of the source cross relative to the 
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breadboard platform. Once passing through the focusing lens, the incident 355 nm laser 

vaporization pulse was transmitted into the source chamber through a 2.000" diameter, 

0.250" thick uncoated suprasil window (Asco) mounted to the NW-250 ISO flange on the 

near-side of the source cross relative to the breadboard platform. 

2.3.2.2. MP! Laser System 

A multi-stage laser system was employed to generate the visible and UV laser 

pulses required for the MPI detection of the species within the molecular beam. The 

primary component was a Nd:YAG laser (NY61-20, Continuum) that served as the pump 

laser for the entire :MPI laser system. The NY61-20 system also contained crystals for 

second and third harmonic generation that were mounted internally. These crystals were 

mounted in motor controlled housings that could be translated in and out of the 1064 nm 

output path at will, enabling the NY61-20 to serve as a versatile source of 532 nm and 

355 nm pump energies. The resultant output powers and polarizations for the pump 

wavelengths attainable with the NY61-20 system are summarized in Figure 2-103. 

Furthermore, this laser was also equipped with an injection seeder that proved difficult to 

stabilize and hence was not employed during these experiments. While this did not have 

any effect on the ultimate resolution of the tunable :MPI pulses, use of the NY61-20 in the 

unseeded mode would result in an approximately 10% decrease in output power. 

The 532 nm output from the NY61-20 system was used to pump a dye laser 

system (TDL-51, Continuum/Quante!), thus providing tunability across the visible 

wavelength range from 844 nm to 532 nm. All of the dyes used for these experiments 
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were purchased from Exciton, and all were used as straight methanol solutions. To cover 

the visible wavelength ranges required to generate MPI pulses of the appropriate energy 

for these experiments, five different dyes or dye mixtures were employed - DCM, 

Rhodamine 640, Rhodamine 640/Rhodamine 610 (50:50 mixture), Rhodamine 610, 

Rhodamine 610/Rhodamine 590 (50:50 mixture), and Rhodamine 590 (Rhodamine 6G). 

The use of these dye permitted the following nominal dye fundamental wavelength ranges 

to be accessed: 676 nm - 607 nm (DCM), 630 nm - 605 nm (Rhodamine 640), 629 nm -

594 nm (50:50 Rhodamine 640/Rhodamine 610), 607 nm - 581 nm (Rhodamine 610), and 

599 nm - 576 nm (50:50 Rhodamine 610/Rhodamine 590). While the quoted ranges were 

the dye tuning ranges reported by the specification sheets provided by Continuum, 

practical experience showed that the actual useable dye tuning ranges were typically much 

narrower, especially to the blue end of the tuning curve. 

To generate the output pulses, the TDL-51 dye laser employed a Moya cavity 

oscillator, followed by two stages of amplification. Wavelength tunability was achieved by 

the use of a grating (2400 lines/mm) housed within the oscillator opposite to the output 

coupler. The grating was rated to provide a wavelength resolution of 0.08 cm-1
. The 

positioning of the grating was controlled by a stepper motor whose motion was controlled 

by a proprietary program provided by Continuum. Originally, the computer control was 

interfaced to the stepper motor by a card housed inside of an IBM PC-AT computer. 

Unfortunately, replacement parts for a PC-AT computer are almost impossible to obtain 

anymore, making repair difficult. For this reason, the motor driver card was installed into 

an IBM 486 computer. Since the original software was not compatible with the IBM 486, 
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a new program needed to be obtained from Continuum that was custom written for the 

purpose. 

In order to calibrate the wavelength of the TDL-51 dye laser system, a number of 

approaches were used depending upon the wavelength range of the dye being used. 

Whenever possible, :MPI detection of atomic aluminum transitions were employed as 

extremely accurate wavelength standards. For wavelength calibration within the DCM 

and Rhodamine 640 wavelength regions, the atomic Al(3d) ~ Al(3p) transitions were 

employed. 

2D312 ~ 2P112 at 32435.45 cm-1 

2Ds12 ~ 2P312 at 32324.75 cm-1 

2D312 ~ 2P312 at 32323.41 cm-1 

These transitions were easily saturated, so calibration scans were performed with the 

doubling crystal substantially detuned from the optimal doubling orientation. Even in 

cases where the UV was barely visible on a white card, the atomic aluminum transitions 

were very easily observed. 

Calibration within the 50:50 Rhodamine 640/Rhodamine 610 mixture wavelength 

range was performed using the atomic Al( 4p) ~ Al(3p) transitions via two-photon 

excitation. 

2P312 ~ 2P112 at 32965.67 cm-1 

2P112 ~ 2P112 at 32949.84 cm-1 

2P312 ~ 2P312 at 32853.63 cm-1 

2P112 ~ 
2P312 at 32837.80 cm-1 
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With high dye power, these transitions could be observed without the aid of a focusing 

lens. In cases when the power was sufficiently low, a 150 mm focal length lens was 

employed to drive the two-photon transitions. 

Unfortunately, no atomic aluminum transitions were available within the 

wavelength range covered by the Rhodamine 610 and 50:50 Rhodamine 610/Rhodamine 

590 mixture dye tuning ranges. Instead, these two dye ranges were calibrated against the 

transitions of the sodium D lines that were conveniently positioned (in air) at 589.5924 nm 

and 588.9950 nm. To accomplish this calibration, the output from a sodium lamp was 

focused onto the entrance slits of a Jarrell-Ash 0.5 m monochrometer. The grating was 

then adjusted to one of the two maximum intensity positions of the sodium D line 

transitions. After significant power attenuation, the straight output of the dye laser was 

likewise introduced into the monochrometer with the grating angle previously set by the 

sodium lamp. The dye laser grating was then adjusted until the output wavelength of the 

dye laser was coincident with one of the two sodium transitions. Conveniently, the 

presence of the other sodium transition provided a convenient check that the proper 

calibration had, in fact, been attained. 

The master control over the scanning of the TDL-51 dye laser was provided by 

the DYEDATA program (Borland Turbo Pascal 7.0), which was a slightly modified 

version of the OPODATA data acquisition program written by a previous Okumura group 

graduate, Yi Bin Cao. This program was interfaced to the TDL-51 stepper motor 

program such that control of the grating was controlled by the DYEDATA program 

during a scan. If, however, one merely wanted to move the stepper motor to change the 



118 

dye laser output, this could be achieved independent of the DYEDATA program via the 

IBM PC-AT (now IBM 486). It is important to note that all calibration corrections to the 

stepper motor position must be entered via the stepper motor control program on the IBM 

PC-AT (now IBM 486). In addition, since slight deviations in the calibration were 

periodically observed, the calibration was checked several times during a period of 

scanning to ensure accurate peak positions were recorded. The exact origin of this 

problem remains mysterious, but probably represents an occasional malfunction in the 

grating stepper motor or an error in communication between the grating stepper motor 

and the interface card/computer controlling the motion. 

In addition to the tunable visible capabilities, the TDL-51 laser was outfitted with a 

UV extension system (UVX-3, Continuum) that permitted almost complete access into the 

UV down to 248 nm. Generation of the UV light was achieved in one of three manners -

straight doubling of dye fundamental ( doubled dye), mixing ( dye fundamental plus 

Nd:YAG fundamental), and mixing after doubling (doubled dye plus Nd:Y AG 

fundamental) . For the experiments presented in this thesis, straight doubling of the dye 

fundamental was employed using a DCC-2 (Continuum) or DCC-3 (Continuum) doubling 

crystal. Use of the DCC-2 crystal provided continuous wavelength coverage from the 365 

nm to 295 nm range, while the DCC-3 crystal provided coverage in the 295 nm to 267 nm 

range. A summary of the crystals that can be presently employed with the UVX-3 system 

as well as the details of the output power and polarization requirements have been 

compiled in Table 2-2. 

The crystal orientation of the UVX-3 systems was designed with an autotracking 
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controller that was supposed to maintain the proper crystal angle for maximum UV 

conversion during the course of the scan. Efforts to successfully implement the 

autotracker were hindered by the overall poor design of the TDL-51/UVX-3 system. In 

particular, the single prism that was employed to introduce a small amount oflight into the 

tracker housing containing the photodiodes that determined the crystal positioning was 

mounted on a rigid stage that permitted essentially no play in the x, y, or z directions. 

Furthermore, due to the cramped nature of the design, a different mount could not be 

installed to correct for this design flaw. The best that could be done was to re-seat the 

prism on top of a mound of glue and hope that the proper position could be attained after 

the glue was set. The only problem was that if the laser alignment was at all adjusted 

through the UVX-3 system, this prism needed to be re-seated. Due to the troublesome 

nature of this aspect of the autotracker design, autotracking control of crystal orientation 

was abandoned in favor of manual tracking. In this manner, the crystal orientation was 

adjusted by hand by actuating switches that served to rotate the crystal orientation in 

either a clockwise or counterclockwise manner. By monitoring the power of the MPI 

pulse upon exiting the REMPI chamber, constant accurate adjustments to the crystal 

orientation could be achieved so that the maximal power was obtained. 

Once the proper MPI wavelength had been attained, a periscope consisting of two 

suprasil, uncoated prisms (0.5" side, CVI) was employed to bring the MPI pulse from the 

laser table up to a second aluminum breadboard platform that had been installed adjacent 

to the REMPI chamber. The height and position of the upper prism of the telescope was 

fixed such that the incident laser pulse exited the prism exactly horizontal to the molecular 
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beam. The MPI pulse was then introduced through the REi\1PI chamber via two specialty 

herasil windows that were mounted on a custom designed compression port (see Section 

2.2.5 .1). The MPI laser was aligned such that the ionization point region within the 

molecular beam occurred very close to the center of the repeller and middle ion extraction 

plates of the TOF ion optics assembly. In the event that the MPI pulse required focusing, 

especially in situations where non-resonant MPI approaches were being employed, a 150 

mm focal length lens was installed. The power of the MPI laser was monitored using a 

power meter whose output was amplified and integrated using a homebuilt gated 

integrator (see Figure 2-100). 

2.3.3. Electronics and Data Acquisition 

As is shown by the experimental schematic presented in Figure 2-100, temporal 

control over the various components used in the experiment was organized around three 

digital delay generators (DDG). The first DDG (SRS DG-535, Stanford Research 

Systems) labeled by the name "Master" in Figure 2-100 served to coordinate all of the 

timing of the experiment. The master DDG was internally set to generate the 19 Hz 

repetition rate that was employed in these experiment. Originally, the experiment was run 

at 20 Hz to match the ideal repetition rate of both laser systems. Unfortunately, by 

running at an even factor of the 60 Hz noise (that was quite substantial in the lab), the data 

acquisition system was observed to exhibit sympathetic oscillations that were in phase with 

the 60 Hz noise. By running the experiment (including the lasers) at 19 Hz, these 

oscillations were essentially eliminated due to destructive interference. 
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The internally generated 19 Hz repetition rate of the master DDG served to set the 

time zero (To in Figure 2-100) for each cycle of the experiment. In addition to setting the 

To, the master DDG controlled the timing of the following components: the pulsed valve 

opening, the trigger of the homebuilt gated integrator that measured the power of the J\.1PI 

laser, and the trigger of the AID board of the data acquisition system. Two additional 

DDGs were synchronized to the To generated by the master by external triggering. These 

two DDGs (SRS DG-535, Stanford Research Systems and Model 9650, EG&G 

Princeton) labeled by the term "Slave" in Figure 2-100 served to control the timing of the 

remaining experimental components in addition to those controlled by the master DDG. 

As is evident from Figure 2-100, each of the slave DDGs were dedicated to 

primarily a single task. The slave SRS DG-535 DDG controlled the timing of the 

flashlamp firing time and the Q-switch actuation time for both the laser vaporization 

system and the J\.1PI system. The other slave DDG, the EG&G model 9650, served the 

primary purpose of triggering the two gated integrators (SRS SR-250, Stanford Research 

Systems) that measured the signal amplitude from a feature derived from the TOF mass 

spectrum. In theory, such triggering should not be required. The SRS SR-250 units have 

a built-in gate delay such that one could trigger each gate with the MPI laser Q-switch that 

serves as the time zero for the TOF mass spectrum. This was in fact what was done for 

quite some time. However, during the course of optimizing the MPI experiment and in 

particular trying to generate a reproducible baseline signal, it was found that use of the 

gate delay controller inherent to the SRS SR-250 units introduced a variable DC offset 

that scaled with the size of the delay. The best baseline signal was obtained by using the 
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smallest possible delay time (1 ns) on the SRS SR-250 units, a fact that required that each 

be triggered separately in order to be able to selectively gate a specific feature in the mass 

spectrum. 

In order to obtain the best possible data from the experiments, a great deal of time 

was invested to optimize the entire data acquisition system. During the course of this 

effort, two major problematic features were uncovered in the original data acquisition 

configuration, both of which revolved around the insufficient line-driving capabilities of 

the various components along the data acquisition hierarchy. The first involved using the 

output of the primary pre-amp directly following the MCP to drive the son inputs of the 

SRS SR-250 gated integrators as well as the oscilloscope input. While in theory the pre­

amp was rated for such a task, this proved not to be the case. Much better performance 

was achieved by placing a secondary x5 pre-amp (SRS Model SR-445, Stanford Research 

Systems) before each of the gated integrators individually. These secondary pre-amps 

served the dual role of providing an additional stage of signal amplification before 

integration as well as serving as a line driver for the gated integrator input. The use of the 

secondary pre-amps coupled with triggering each gated integrator separately dramatically 

improved the quality of the data obtained from the gated integrators. 

The second pitfall that was uncovered during the course of optimizing the data 

acquisition systems was the fact that the current-providing capabilities of the SRS SR-250 

gated integrator outputs was lower than had been anticipated. As will be detailed below, 

the gated integrators were often used in a mode where the experiment was run at half the 

repetition rate of the gate trigger - a method that was termed "Flip-Flop Mode." By doing 
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this, one can take advantage of the active baseline subtraction feature of the SRS SR-250 

unit that will automatically take the difference of the integrated signal between every two 

shots. Unfortunately, this baseline subtracted averaged output (derived from the "Average 

Output" BNC port) possessed only a 10 mA drive capability with which to drive the 

inputs of the DAS-1600 AID board. Previously, the BNC inputs to the AID board had 

been impedance-matched to 500. This 500 impedance input, however, exerted too great 

of a load on the gated integrator output, causing a high degree of inconsistency in the 

resultant data. This was ultimately solved by changing the input impedance of the DAS-

1600 AID board to lkO. The apparent impedance mismatch introduced by this 

modification was observed to have no noticeable negative effect on the data obtained - in 

fact, dramatic improvements were noted. 

As was alluded to above, there were two modes in which the experiments could be 

run. The first was the standard mode when all experimental components were run at 19 

Hz. This method had the obvious advantage that data could be collected at the maximum 

possible repetition rate. Less obvious, at least initially, was the fact that this method 

provided little discrimination between true signals and background signals when the signal 

one sought to detect was weak in intensity. The origin for this observation derived from 

the fact that even by using liquid nitrogen cryotrap cooling in the REMPI chamber, a weak 

background due to ionized oil fragments was always present. For strong signals, the oil 

background was of minimal concern. However, with a weak feature, there were often 

either oil features directly coincident with the desired mass, or very close in proximity. 

This problem was further aggravated by the fact that detection of weak signals required 
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higher MCP detector voltages, which in turn served to greatly amplify the oil background. 

In order to deal with weak signals as well as situations where accurate baseline 

determination was critical, an additional powerful feature inherent to the SRS SR-250 

gated integrators was exploited. Specifically, the SRS SR-250 possessed a built-in 

averaging capability that serves to subtract every other sample from the moving average. 

In order to implement this method of data acquisition, however, the frequency of the laser 

vaporization laser needed to be triggered at half the frequency of the MPI pump laser. In 

effect, this served to generate an oil background mass spectrum with every shot of the 

MPI laser, but a signal spectrum only on alternate shots. In this manner, the subtraction of 

every other sample by the SRS SR-250 gated integrator from the moving average would 

serve to subtract out the oil background, but at the cost of doubling the data acquisition 

time. 

The SRS SR-250 gated integrator can be set to run in this mode by changing the 

average switch on the upper left of the back panel from "normal" to "toggle." Changing 

to toggle mode has an additional benefit as well - the SRS SR-250 has a BNC output on 

the back that toggles between a DC voltage of 0 V and + 2 V with each trigger. 

Nominally this feature serves as a convenient means to interface the unit with unipolar 

AID converters. However, this feature can also be exploited as a means to generate a 

triggering rate at half the frequency of the triggering rate of the SRS SR-250 unit itself - a 

fact that proved quite useful in triggering the laser vaporization laser at half-frequency. 

Specifically, a "NAND" gate was designed whose two inputs were the Q-switch trigger 

for the laser vaporization laser and the toggle voltage from the SRS SR-250 unit. The 
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output of this NAND gate was positive only on alternate shots since the toggle voltage is 

essentially toggling between a high and low state with each trigger. By using the output 

from this NAND gate to trigger the Q-switch for the laser vaporization laser, an 

operational mode was achieved whereby the flashlamps could be run at the normal 19 Hz 

frequency while only the Q-switch was actuated at half frequency. This mode of operation 

was named "Flip-Flop Mode." 

Switching between the regular 19 Hz mode of operation and flip-flop mode was 

simple. When in 19 Hz mode, the polarity control on the rear panel of the SRS SR-250 

unit was set to normal, and the output from the gated integrators was taken from the "last 

sample" BNC on the front of the unit. In this case, the laser vaporization laser Q-switch 

trigger from the DDG was connected directly to the external triggering BNC of the laser 

vaporization laser, completely bypassing the NAND gate. To switch over to flip-flop 

mode, the polarity control on the rear panel of the SRS SR-250 unit was set to toggle, and 

the output of the gated integrators was taken from the "averaged output" BNC connector 

on the front of the unit. In order to implement the NAND gate, one BNC cable is used to 

connect one of the inputs to the "active baseline subtraction" BNC connector on the rear 

panel of the SRS SR-250 unit while the other input was connected directly to the DDG Q­

switch trigger for the laser vaporization laser. The output of the NAND gate was then 

connected directly to the external Q-switch triggering BNC of the laser vaporization laser. 

To monitor the acquired TOF mass spectra during the course of the experiment, 

the amplified signal from the microchannel plate detector was sent to an oscilloscope 

(Model TDS320, 2 Channel, 100 Mhz, 500 MS/s, Tektronix). The input signal was 
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typically taken in parallel from one of the inputs of one of the SRS SR-250 gated 

integrators. The trigger for the oscilloscope was derived from the Q-switch trigger for the 

:MPI laser. This trigger time essentially set the time zero of the TOF mass spectrum, 

making calibration of the mass arrival times particularly facile to calculate. 

2.4. Conclusion 

This chapter has detailed the design, construction, and implementation of a new 

experimental apparatus for the study of weak interactions between refractory elements 

bound to solvent molecules and clusters. The emphasis of this chapter has focused on the 

methodology by which multiphoton ionization studies of the Al• Arn cluster systems 

presented in the following three chapters of this thesis was pursued. Nevertheless, the 

versatile design of this new machine should permit this apparatus to serve as a platform 

from which an almost limitless array of molecular systems can be studied, as well as 

providing the flexibility to implement a wide variety of different experimental techniques. 
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TABLE 2-1: Polarizations ofLaser Beams at Various Stages ofFrequency 

Generation: Surelite I Nd:YAG and HG-4B Harmonic 

Generation Unit. 

Wavelength Crystal Power Polarization 

1.064 µM Nd:YAG 430mJ Horizontal 

532nm KD*P Type II (o + e = e) 160mJ Horizontal 1 

355nm KD*P Type I ( o + o = e) 55mJ Vertical1 

266nm KD*PTypeI 40mJ Vertical1 

Note: 
1 Assumes that HG-4B unit is oriented with Caltech property label on top. 
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TABLE 2-2: Polarizations of Laser Beams at Various Stages of Frequency 

Generation: NY-61 Nd:YAG Laser, TDL-51 Dye Laser, and 

UVX Mixing and Doubling System. 

Wavelength Medium Power Polarization 

1.064 µM Nd:YAG osc. and amp. 600 mJ1 Horizontal 

532nm KD*PTypeI 320 mJ1 Vertical 

844 nm - 532 nm Dye laser 60mJ2 Vertical 

442 nm - 369 nm Mixing/MCC2,3 

Position B, Type II 1-5 mJ Horizontal 

365 nm - 295 nm Doubling/DCC2, 3 

Position B, Type I 1-5 mJ Horizontal 

295 nm - 267 nm Doubling/DCC3, 3 

Position B, Type I 1-5 mJ Horizontal 

279 nm - 236 nm Mixing after doubling: 4 

Doubler/DCC 1 &2, 

Position A, Type I 

Mixing/MCC2, 

Position B, Type II 0.1-2 mJ Horizontal 

Notes: 
1 Seeder on. Subtract 10% for unseeded operation. 
2 For DCM dye at 640 nm. Power will vary for other dyes and wavelengths. 
3 Dye laser polarization rotation prism not used. If mixing and doubling is performed in 

position A instead of position B, the polarization rotation prism should be employed. 
4 Polarization rotation prism is necessary for mixing after doubling. 
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2.6. Figure Captions 

Figure 2-1 Labels for the individual experimental components shown in the schematic 

of the newly-constructed experimental apparatus presented in Figure 2-2. 

Figure 2-2 Schematic showing the individual components of the newly-constructed 

experimental apparatus. 

Figure 2-3 The source cross chamber. (a) Front view. (b) Side view. (c) Top view. 

Figure 2-4 Drawing of the source cross chamber - front view. 

Figure 2-5 Drawing of the source cross chamber - back view. 

Figure 2-6 Drawing of the source cross chamber - left side view. 

Figure 2-7 Drawing of the source cross chamber - top view. 

Figure 2-8 Drawing of the source cross chamber - bottom view. 

Figure 2-9 Drawing of custom ASA-10 blankoffflange for the top ASA-10 flange of 

the source cross chamber. 

Figure 2-10 Drawing of the source tee chamber - side view. 

Figure 2-11 Drawing of the source tee chamber - top view. 

Figure 2-12 Drawing of the source tee chamber - bottom view. 

Figure 2-13 The source mount design. (a) Simplified schematic showing the source 

mount design as well as the mounted source components as it appeared with 

the source chamber rolled back away from the source. (b) Simplified 

cutaway schematic of the source chamber showing how the source mount as 

well as the mounted source components were housed within the source 

chamber with the source chamber bolted to the skimmer flange. 

Figure 2-14 Drawing of the skimmer flange - front view facing the source chamber. 

Figure 2-15 Drawing of the skimmer flange - back view facing the REMPI chamber. 

Figure 2-16 Drawing of the skimmer flange - sectional views A-A and B-B. 

Figure 2-17 Assembly Drawing showing the manner in which the molecular beam 

skimmer was mounted to the skimmer flange. 
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Figure 2-18 Drawing of the skimmer mount adapter flange between the skimmer flange 

and the skimmer mount. 

Figure 2-19 Drawing of skimmer mount base. 

Figure 2-20 Drawing of skimmer mount clamp. 

Figure 2-21 Drawing of collars used to mount the source rails to the skimmer flange. 

Figure 2-22 Drawing of the source rails. 

Figure 2-23 Schematic showing the basic design of the rigid back mount frame used to 

support the free-hanging end of the source rails. 

Figure 2-24 Drawing of collars used for rigid back mount frame. 

Figure 2-25 Drawing of end caps bolted to the back of the collars used for rigid back 

mount frame. 

Figure 2-26 Drawing of the cross-support pieces used to couple the collars of the rigid 

back mount frame. 

Figure 2-27 Drawing of the Y-plate. 

Figure 2-28 Drawing ofx-y translator blocks that were mounted to the Y-plate to 

provide fine control of the pulsed valve housing position. 

Figure 2-29 Drawing showing the modification made to the original Y-plate design. 

Figure 2-30 Drawing of right angle brackets mounted onto the Y-plate. 

Figure 2-31 Assembly drawing of the original piezoelectric pulsed valve based on the 

design of Trickl and Proch. 

Figure 2-32 Drawing of original adapter piece used to couple the laser vaporization 

source to the faceplate of the piezoelectric pulsed valve. 

Figure 2-33 Assembly drawing of the piezoelectric pulsed with the original laser 

vaporization adapter piece installed. 

Figure 2-34 Assembly drawing of the piezoelectric pulsed valve showing the 

modifications made to the original design. Part #3 shows the modified laser 

vaporization adapter piece, and Part #7 shows the new extended pulsed 

valve poppet with the Vespel-SPI poppet tip installed. 
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Figure 2-35 Assembly drawing of the piezoelectric pulsed valve showing the 

modifications made to the original design. Part #3 shows the modified laser 

vaporization adapter piece, and Part #7 shows the new extended pulsed 

valve poppet with the o-ring poppet tip installed. 

Figure 2-36 Drawing of the extended pulsed valve o-ring poppet tip. 

Figure 2-37 Drawing of the extended pulsed valve Vespel-SPl poppet tip. 

Figure 2-38 Drawing ofVespel-SPl poppet tip that was installed into the end of the new 

extended poppet design. 

Figure 2-39 Drawing of the modified laser vaporization adapter piece. 

Figure 2-40 Assembly drawing of the new piezoelectric pulsed valve based on the 

original design of Christian Berg. The assembly drawing shows the 

appearance of the valve with both the modified laser vaporization source 

adapter and the extended pulsed valve Vespel-SPl poppet tip installed. 

Figure 2-41 Assembly drawing of the new piezoelectric pulsed valve based on the 

original design of Christian Berg. The assembly drawing shows the 

appearance of the valve with both the modified laser vaporization source 

adapter and the extended pulsed valve o-ring poppet tip installed. 

Figure 2-42 Parts list for the individual components of the first generation laser 

vaporization source assembly (page 1 of 2). 

Figure 2-43 Continuation of the parts list for the individual components of the first 

generation laser vaporization source assembly (page 2 of 2). 

Figure 2-44 Drawing of the first generation laser vaporization source - exterior view. 

Figure 2-45 Drawing of the first generation laser vaporization source - cross-sectional 

views. 

Figure 2-46 Drawing of the first generation laser vaporization source - auxiliary view A 

Figure 2-47 Drawing of the first generation laser vaporization source - auxiliary view B. 

Figure 2-48 Assembly drawing showing the components of the laser vaporization source 

screw drive assembly. 

Figure 2-49 Drawing of the drive screw for the screw drive assembly. 
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Figure 2-50 Drawing of the screw drive housing for the screw drive assembly. 

Figure 2-51 Drawing of the rotating screw drive housing for the screw drive assembly. 

Figure 2-52 Drawing of the screw drive housing clamp for the screw drive assembly. 

Figure 2-53 Drawing of the original gear table that was used with the first generation 

laser vaporization source. 

Figure 2-54 Drawing of the second generation laser vaporization source (version 2) -

exterior view. 

Figure 2-55 Drawing of the second generation laser vaporization source (version 2) -

back exterior view. 

Figure 2-56 Drawing of the second generation laser vaporization source (version 2) -

cross-sectional views A-A and B-B. 

Figure 2-57 Drawing of the second generation laser vaporization source (version 2) -

auxiliary view A 

Figure 2-58 Drawing of the second generation laser vaporization source (version 2) -

cross-sectional view showing modifications made to the original design. 

Figure 2-59 Schematic showing the second generation laser vaporization source 

(version 2) mounted to the piezoelectric pulsed valve via the original laser 

vaporization source adapter. Also shown is the mechanism by which the 

laser vaporization laser pulse was introduced into the source. 

Figure 2-60 Drawing of the second generation laser vaporization source (version 3) -

exterior view. 

Figure 2-61 Drawing of the second generation laser vaporization source (version 3) -

cross-sectional view. 

Figure 2-62 Drawing of the second generation laser vaporization source (version 3) -

back exterior view. 

Figure 2-63 Drawing of the modified gear table that was used with the second 

generation laser vaporization sources. 

Figure 2-64 Assembly drawing showing the design of the third generation laser 

vaporization source. 
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Figure 2-65 Magnified schematic detailing the assembled target rod cart with a target 

rod installed. 

Figure 2-66 Schematic showing the placement of the aluminum target rod adjacent to 

the straight-channel nozzle piece that was used in conjunction with the third 

generation laser vaporization source. Also shown is the manner by which 

laser ablation of the target rod was performed. 

Figure 2-67 Drawing of the REMPI chamber - side view. 

Figure 2-68 Drawing of the REMPI chamber - front view facing the skimmer flange . 

Figure 2-69 Drawing of the REMPI chamber - bottom view. 

Figure 2-70 Drawing of the REMPI chamber - auxiliary side view showing the 

placement of the 2-3/4" ConFlat ports. 

Figure 2-71 Drawing of the REMPI chamber - auxiliary side view showing the 

placement of the 3/4" compression port. 

Figure 2-72 Drawing of the time-of-flight asymmetric double nipple - bottom view 

facing the REMPI chamber. 

Figure 2-73 Drawing of the time-of-flight asymmetric double nipple - sectional view 

A-A. 

Figure 2-7 4 Drawing of the time-of-flight asymmetric double nipple - sectional view 

B-B showing the placement of the lift plates. 

Figure 2-75 Drawing of the time-of-flight asymmetric double nipple - sectional view 

C-C. 

Figure 2-76 Drawing of time-of-flight ion optic grounding pins. 

Figure 2-77 Drawing of time-of-flight flight tube -view 1 of 2. 

Figure 2-78 Drawing of time-of-flight flight tube -view 2 of 2. 

Figure 2-79 Schematic showing the placement of the time-of-flight ion optics when 

mounted to the time-of-flight assymmtric double nipple and subsequently 

installed into the REMPI chamber. 

Figure 2-80 Assembly drawing of the time-of-flight ion optics. 

Figure 2-81 Drawing of the top mounting plate of the time-of-flight ion optics frame. 
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Figure 2-82 Drawing of the middle mounting plate of the time-of-flight ion optics frame. 

Figure 2-83 Drawing of the bottom mounting plate of the time-of-flight ion optics frame. 

Figure 2-84 Drawing of support posts placed between the middle and bottom mounting 

plates of the time-of-flight ion optics frame. 

Figure 2-85 Drawing of support posts placed between the middle and top mounting 

plates of the time-of-flight ion optics frame. 

Figure 2-86 Drawing of the deflector plate mount. 

Figure 2-87 Drawing of the right angle bracket used to couple the deflector plate 

mount to the deflector plate. 

Figure 2-88 Drawing of the deflector plate. 

Figure 2-89 Assembly drawing showing the position and alignment of the time-of-flight 

deflector assembly within the upper ion optics frame. 

Figure 2-90 Top view schematic of the time-of-flight deflector assembly showing the 

alternating orientation of each deflector as well as the separation between 

each adjacent deflector plates. 

Figure 2-91 Drawing of the detector flange showing the placement of the various 

electrical feedthoughs. View looks down on the UHV side of the flange. 

Figure 2-92 Drawing of the detector flange - sectional view A-A 

Figure 2-93 Drawing of the modifications made to the original detector flange design to 

permit the mounting of the posts that supported both the ground plate 

above the MCP cathode as well as the mass gate assembly. 

Figure 2-94 Drawing of the front plate of the mass gate assembly. 

Figure 2-95 Drawing of the rear plate of the mass gate assembly. 

Figure 2-96 Drawing of the mass gate deflectors. 

Figure 2-97 Drawing of the support posts that mounted the front plate of the mass gate 

assembly to the posts supporting the ground plate above the MCP cathode. 

Figure 2-98 Drawing of the support posts that mounted the ground plate above the MCP 

cathode to the detector flange. 
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Figure 2-99 Drawing of the centering ring used to maintain the axial alignment of the 

MCP detector assembly. 

Figure 2-100 Schematic overview of the experimental methodology. 

Figure 2-101 A typical time-of-flight mass spectrum showing the size distribution of 

Al• Arn clusters that were observed during the course of the experiments 

using both the second and third generation laser vaporization sources. 
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1. 10" Diffusion Pump (Varian VHS-IO) 

2. 1 0" Cryotrap 

3. Source Chamber Baseplate 

4. Source Chamber ASA-10 Gate Valve 

5. Source Tee 

6. Source Cross 

7. Piezoelectric Pulsed Valve 

8. Laser Vaporization Source 

9. DC-Stepper Motor for Laser Vaporzation Target 

Drive Assembly and Rotary Motion F eedthrough 

10. Skimmer Flange 

11. 6" Diffusion Pump (Varian VHS-6) 

12. 6" Cryotrap 

13. REMPI Chamber Baseplate 

14. REMPI Chamber ASA-6 Gate Valve 

15. REMPI Chamber 

16. Time-of-Flight Ion Optics 

17. Time-of-Flight Asymmetric Double Nipple 

18. Time-of-Flight 6" ConFlat Gate Valve 

19. Time-of-Flight Flight Tube 

20. Microchannel Plate Detector 

Figure 2-1 
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LASER VAPORIZATION SOURCE 
ASSEMBLY PARTS LIST: 

VERSION 1 

COMPONENT LIST 

1. Mechanical Components 

//_ Name Material Quantity 

1 Laser Vaporization Anodized Aluminum 1 
Source 

2 Pulsed Valve¢ Laser 303 Stainless Steel 1 
Vaporization Adaptor 

3 1/4-80 Modified Stainless Steel 1 
Thorlabs Screw 
Part #FAS300 

4 Housing for Laser Aluminum 1 
Vaporization 1/4-80 
Nut and Rotory Ball 
Bearing 

5 Thorlabs 1/4-80 Nut Brass 1 
Part #N80L5 

6 Rotary Ball Bearing Standard 2 

7 Shim Aluminum 1 

8 Rotating Screw Drive Bronze 1 
Housing 

9 Rotory Ball Bearing 303 Stainless Steel 1 

Clamp 

Figure 2-42 
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10 Modified PIC No-Slip Standard 1 
Pulley 

11 Laser Vaporization Nickel 1 
Rod Coupling Collar: 
Precision Bellows-
Style Flexible Coupling 
(McMaster-Carr Part #: 

59925K87) 

12 Laser Vaporization Varies 
Target Rod 

13 Laser Vaporization Aluminum 1 
Screw Drive Assembly 
Base 

2. O-Rings 

Parker# Size (ID X Thick) Material Quantity 
2-012 0.364 X 0.70 Viton or 1 

Indium 

3. Screws 

Size Type Length Material Quantity 
2-56 UNC Socket Head 3/8 Stainless Steel 4 
2-56 UNC Socket Head 1/4 Stainless Steel 4 
4-40 UNC Socket Head 3/8 Stainless Steel 4 

4. Set Screws 

Size Type Length Material Quantity 
4-40 Cup Point 1/8 Alloy Steel 1 

5. Nuts 

Size Type Material Quantity 
4-40 UNC Hex Stainless Steel 4 

Figure 2-43 
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Figure 2-63 
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Figure 2-66 
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CHAPTER3 

Multiphoton Ionization Studies of the 

Al(3d )• Ar and Al( 4p )• Ar Electronic 

Manifolds using both Single-Photon 

and Two-Photon Excitation Probes 
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3.1. Introduction 

A dynamic model of the condensed phase requires a molecular level description of 

the N-body potential that govern the interaction of a single atom or molecule with the 

bulk. However, due to the enormous complexity of condensed phase systems, simplified 

models of the weak bonding interactions between solute and solvent have been sought. 

Diatomic systems involving a solute and solvent molecule, whether they be neutral, 

cationic, or anionic, provide a simplified conceptual framework from which detailed 

information of the pairwise interactions that govern bulk phase properties can be obtained. 

Furthermore, diatomic systems are in general amenable to ab initio calculations, often 

enabling a detailed description of the electronic nature of the weak bonding interaction 

between solute and solvent for both ground and excited electronic states to be understood 

to a high degree of precision. 

3.1 .1. Bonding Interactions in Metal-Rare Gas Systems 

Neutral metal atom-rare gas molecules (M•RG) have been intensively investigated 

over the years due to their promise for uncovering the intricacies of how different 

electronic configurations of a metal solute affect binding to a spherically symmetrical and 

polarizable rare gas solvent molecule. As has been reviewed recently by Breckenridge, 
1 

complexes between rare gas atoms and Group I (the alkali metals),2 Group 2 (the alkaline 

earth metals),3-16 Group 12 (Zn, Cd, Hg),3'
17

-
19 or Group 13 (B, Al, In)20

-
28 metal atoms 

have been the focus of considerable spectroscopic effort. A great deal of information has 

been gleaned as to the nature of the electronic interactions for both the ground (M•RG) 
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and excited states (M*•RG).1 In the end, what has arisen from these studies is an 

intuitively simple picture that has proven quite successful in presenting a unified 

description regarding the wealth of bond strengths and potential energy curve 

characteristics presently known for van der Waals complexes. 

Due to the weak nature of van der Waals bonding (1/R6 dependence), the degree 

of electron density placed along the internuclear axis proves to be the critical determinant 

of whether the nature of a particular M•RG diatomic electronic state will be attractive or 

repulsive. 1,
29

•
30 A diatomic complex where the electronic state of the atom is spherically 

symmetric, such as those seen in the ground electronic states of atoms from Groups I, 2, 

and 12, range a wide spectrum of bond strengths. The degree of binding in such systems 

depends critically upon the interplay between two opposing interactions. On one hand, 

the polarizabilities of the twos-type orbitals provides an attractive interaction via induced 

dipole-induced dipole forces between the two atomic moieties. Countering this bonding 

force, however, is a repulsive force that arises due to the coulomb repulsion along the 

internuclear axis between primarily the valance electrons within each of the twos-type 

orbitals on each atomic moiety. Therefore, a delicate balance between atomic orbital 

polarizability and spatial extent of the individual atomic orbitals along the internuclear axis 

determines the nature of the bond within such s-type cr-complexes.1 

Electronic states where the metal valance electrons occupy non-spherically 

symmetric orbitals such as the p- or d-orbitals, however, are a bit more subtle due to the 

presence of orbital orientation effects. Electronic states arising from cr-type interactions, 

namely either M(npcr)•RG or M(ndcr)•RG, tend to be predominantly repulsive in character 
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due to the high degree of electron density directed axially along the internuclear axis. In 

contrast, n-type states (M(npn)•RG or M(ndn)•RG) or o-type states (M(ndo)•RG) are 

generally attractive to some degree since the nodal character of the metal atom orbital 

precludes the accumulation of electron density at the internuclear axis. 1 Furthermore, the 

directed nature of these orbitals serves to orient the lobes of the metal orbital in such a 

way as to accommodate the approach of a spherically symmetric rare gas atom along the 

internuclear axis. As with the case with two interacting s-type orbitals, issues of 

polarizability and orbital spatial extent are important to describe the bonding character of 

n-type or o-type M•RG states, except orientation effects must now also be accounted for 

in conjunction with details of spatial extent. Nevertheless, since d-orbitals possess a 

higher concentration of electron density localised further away from the nucleus ( and are 

hence more polarizable), metal atoms where the electrons reside ind-type orbitals are 

generally more strongly bound than those with electrons inp-type orbitals of the same 

principal quantum number. 1 

An additional facet that must be considered when discussing the energetics of van 

der Waals molecule binding presents itself in the context of the characterization of the 

excited electronic states of metal atom-rare gas (M* • RG) complexes. In particular, a 

commonly accepted paradigm is that the binding energy of an excited electronic state of a 

given M* • RG complex will lie somewhere between that of the neutral ground state 

(M•RG), and the ionic ground state (M"•RG).1 Such a view derives from a reasonable 

assumption that the electronic structure of an electronically excited M* • RG complex 

should become more Rydberg-like as the energy of the electronic state increases. In 
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essence, with higher electronic excitation, the M* • RG complex should evolve to a point 

where the excited electron no longer effectively shields the rare gas molecule from the 

metal ion core. The evolution of binding character from a weak, van der Waals interaction 

(l/R6) to one that is more characteristic of an ion-atom/molecule interaction possessing a 

1/R4 distance dependence has been well established experimentally. 1 While exceptions to 

this simple bonding picture do exist, particularly in the case ofLi•He and Na•He,2 most 

van der Waals bonding behavior can be rather accurately described within the context of 

these relatively uncomplicated atomic orbital-derived interactions. 1 

Recent work by Breckenridge and co-workers has provided a novel example of a 

doubly excited electronic state ofMg•Ar, namely Mg(3pn,3pn 3P1)•Ar('Z1 whose bond 

strength was found to be 2850 cm·1
_4-

5
,
3 Such a large bond strength is rather unusual for 

third row complexes, exceeding the 1240 cm·1 bond strength of the ground state ion, 

Mg+•Ar, by more that a factor of two. While at first appearing anomalous based upon the 

above discussion, the unusual bond strength for this electronic state can, in fact, be 

rationalized using the same intuitive picture. Similar to the case involving singly-excited 

diatomic species, M *•RG, the doubly-excited magnesium atom is believed to possess a 

partial doubly-charged core, with the two excited electrons each occupying one of the 3p 

orbitals lying orthogonal to the internuclear axis. The presence of an ionic core with high 

dicationic character, combined with the absence of electron density along the internuclear 

axis that accommodates a close approach of the argon atom, is postulated to underlie this 

rather large bond energy. 
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3.1.2. State Mixing in Metal-Rare Gas Systems 

In the predictive bonding model thus described, the details of the electronic 

character of the van der Waals bond can be reduced to electrostatic interactions between 

isolated atomic-like orbitals. However, there is no intrinsic reason to preclude the 

possibility that complexities in van der Waals bonding behavior due to the presence of 

energetically-similar electronic states do not exist as they do for covalently-bound species. 

In particular, one issue that has been rarely observed, and hence remains poorly explored, 

is how the electronic nature of the bond is perturbed when two diabatic potentials arising 

from different electronic configurations cross in regions relevant to determining bond 

character. The opportunity to observe the resultant spectral complexity arising as a 

consequence of electronic state mixing, especially in cases where the metal moiety 

possesses a number of closely spaced atomic energy levels, offers a unique challenge to 

spectroscopists seeking a fundamental understanding of the scope of electronic bonding 

character present in weakly bound M•RG diatomic systems. 

As has been well documented in the recent review by Breckemidge, 1 a common 

form of state mixing interaction that has been observed in metal-rare gas complexes is due 

to spin-orbit coupling interactions, either within a particular electronic manifold or 

between states arising from different electronic manifolds. The degree of the · spin-orbit 

state mixing interaction is generally discussed within the context of the now ubiquitous 

Hund's cases (a) through (e) - an idealized parametric modeling scheme that provide 

benchmarks around which the continuum of spin-orbit interactions can be classified. 29
•
30 

The majority of van der Waals systems as well as covalently bound systems are 
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characterized by either Hund's case (a) or Hund's case (b) behavior. Hund's case (a) and 

Hund' s case (b) pertain to situations where the spin-orbit interaction within an electronic 

manifold is substantially smaller that the energy difference between adjacent electronic 

states. The primary difference between these two limiting cases is that Hund's case (a) 

electronic states possess well-defined total angular momentum values, n, while in Hund' s 

case (b ), n is no longer a good quantum number since the total spin, L, becomes 

decoupled from the internuclear axis. Consequently, electronic states ofHund's case (b) 

character that derive from the same electronic manifold must be treated as admixtures of 

states with different total angular momentum, n, values. 

The other important limiting case of spin-orbit interaction relevant for the 

classification of van der Waals bond character is that provided by Hund's case (c) . In 

Hund's case (c), the spin-orbit interaction between the electronic states within an 

electronic manifold becomes comparable to the energy separation between nearly 

electronic manifolds. The direct consequence of this is that states derived from different 

electronic manifolds can become significantly coupled to one another, resulting in complex 

bond character. A recent example of a system exhibiting partial Hund' s case ( c) character 

was provided experimentally by Dagdigian and co-workers as a result of the LIF studies 

on the Al•Ne van der Waals system, as well as subsequent theoretical work by Alexander 

and co-workers on the same system.28 In particular, the closely spaced 
2
TI11i(3p), 

2TI31i(3p), and 2L\12(3p) states (using Hund' s case (a) notation for clarity) derived from 

the ground electronic configurations were found to exhibit complex electrostatic and spin­

orbit character. One unusual consequence was the observation that the potential energy 
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curve derived from the upper 2TI state was more strongly bound than that for the lower 2TI 

spin-orbit component. 

State mixing effects due to spin-orbit interactions also underlie the existence of 

spin-orbit-induced predissociation in M•RG systems. For example, the Cd(5s5p 1P1)•Xe 

state31 was not able to be detected using laser induced fluorescence (LIF) techniques even 

though the analogous electronic state in the Cd•Ne, Cd•Ar, and Cd•Kr systems was 

observed. 32 The origin for this mysterious behavior was determined to be the result of a 

curve crossing with the nearby Cd(5s5p 3P2)•Xe state within the bound region of the 

Cd(5s5p 1P1)•Xe state potential. Confirmation of this curve crossing was provided by an 

action spectrum taken with a second 10 nm-delayed laser tuned to the Cd(5s6s 1P1 +-

5s5p 3P2) atomic transition.31 By scanning the first initial pump laser in the vicinity of 

spectral region where the Cd(5s5p 1P1)•Xe state was expected to appear, the action 

spectrum revealed very efficient spin-orbit-induced predissociation which produced the 

Cd(5s5p 3P2) atomic state exclusively. Likewise, similar observations were observed in 

the isoelectronic Zn•Xe system in the vicinity of the analogous Zn(4s4p 1
P1 +- 4s4s 1Sa) 

• • • 33-35 atoffilc transition. 

An example of a non-crossing state mixing effect has recently been reported by 

Massick and Breckenridge during their investigation of the Mg(3s4dn 3
D1)•Ar(3TI) and 

Mg(3s5pn 3P1)•Ar(3TI) electronic states.9 Both states were probed by resonant two 

photon ionization from the metastable Mg(3s3pn 3P1)•Ar(3Ilo+,o-) state. Transition to the 

Mg(3s5pn 3P1)•Ar(3TI) electronic state is strictly forbidden for single photon excitation, 

yet this state was observed with comparable intensity to the single photon allowed 
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transition to the Mg(3s4dn 3DJ)•Ar(3II) electronic state. Both states were found to be 

strongly bound with comparable re values. Since the magnesium atomic states that both 

upper states correlate to differ in energy by only 60 cm-1
, significant state mixing between 

the upper excited diabatic states to create two "nested" adiabatic states was invoked to 

explain how the nominally forbidden Mg(3s5pn 3PJ)•Ar(3II) state was observed. Due to 

the similarities in binding character between these two states, however, no perturbations 

due to curve crossings between the Mg(3s4dn 3DJ)•Ar(3Il) and Mg(3s5pn 3PJ)•Ar(3Il) 

electronic states were discovered, suggesting that each mixed adiabatic curve remains 

separated in energy, each with a regular vibrational progression characteristic to an 

individual adiabat. 

As a result of the spectroscopic work described in Chapter 5 detailing the 

evolution of electronic character of the Al(3d) electronic states with increasing Ar 

salvation, there was strong circumstantial evidence for state mixing effects between the 

Al(3d) and Al(4p) electronic states of the Al•(Ar)n (n ::S: 60) clusters. This chapter and the 

following one describe the first characterization of the Al( 4p )• Ar electronic excited states, 

as well as a re-evaluation of previously published work by Morse and co-workers 

describing the electronic spectroscopy of the Al(3d)• Ar electronic excited state. 
36 

Analysis of the electronic spectra of the Al(3d)• Ar and Al( 4p )• Ar states clearly 

demonstrates complicated electronic state mixing in the diatomic species Al• Ar species - a 

fact that will bear considerable significance to the spectroscopic behavior observed in the 

Al•(Ar)n (n ~ 60) cluster systems detailed in Chapter 5. 
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3.2. Background on the Al•Ar Molecule 

Aluminum-rare gas (Al•RG) systems (RG = Ne, Ar, Kr, and Xe) have been the 

subject of extensive spectroscopic work, with the vibronic states of both Al•Ar and Al•Kr 

having been characterized up to the ionization limit. 1'
36 The ground state of the aluminum 

atom is open shell with a 3s23p1 configuration. Spin-orbit interactions serve to break the 

degeneracy of the 3p orbitals, resulting in the observed A1(2P112) and Al(2P312) atomic 

states that are split by 112.04 cm-1 in energy.37 Interaction with Ar(1S0) gives rise to a 

total of three electronic states for each of the two atomic aluminum spin-orbit 

components. The absolute ground state of Al• Ar, the doubly degenerate X1 
2II112 state, 

arises from the A1(2P112) + Ar(1So) manifold, as does a repulsiveA1 
2L112 state. Similarly, 

interaction arising from the Al(2P312) + Ar(1So) upper spin-orbit component manifold gives 

rise to three additional electronic states, X2 
2II312 and A2 

2L112, the former being doubly 

degenerate. 29
-
30 

The first excited electronic state of the Al•Ar molecule, the B 2L112 state, arises 

from the interaction of the Al(4s 2S112) atomic state with Ar(1S0). Although the 

B 2L112 ~ X1 
2II112 transition has been the subject of substantial experimental effort, a 

definitive characterization of the potential curves underlying this transition has proven 

difficult, especially with respect to the accurate determination of the ground state bond 

dissociation energy. Initial work by Lester and co-workers using resonance-enhanced 

multiphoton ionization (RE1\1PI) placed bounds on the B 2
L112 state bond dissociation 

energy (D
0

) as 373 cm-1 < D0 < 514 cm-1
.
38 Callender, Hackett, and-Mitchell later 

extended this work using laser induced fluorescence (LIF) excitation and dispersed 
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emission. 39 Employing a linear Birge-Sponer analysis, Callender et al. reported a D0 value 

of 136 ± 65 cm·1 for the X1 
2
II112 state, and 369 ± 65 cm·1 for the B 2I 112 state. 

Furthermore, these workers established the spin-orbit splitting between the X1 
2
II!/2 and X2 

2
Il3;2 states to be 79.8 cm·1

. The experiment of Callender et al. was later extended by 

Heaven and co-workers who were able rotationally resolve the B 
2I 112 +-X1 

2
II112 

fluorescence spectrum. 40 This work uncovered an additional vibrational level, v ' = 7, in 

the B 2I 112 state, resulting in a modified D0 value for the B 2I 112 state of 3 99 +
35 

/.8 cm·1
. 

This correction enabled Heaven and co-workers to report a modified Do value for the X1 

2
II112 ground state of 165 +

40 
/.10 cm·1

. 

Further complicating the determination of the accurate JG 2
II112 ground state 

dissociation energy was the report by Morse and co-workers of a X1 
2
II112 Do value of 

122.4 ± 4 cm·1
.
36 In contrast to the previous experiments, Morse and co-workers 

calculated their ground state D0 value from their determination of the Do value of the 

electronic states arising from the Al(3d) + Ar(1So) rather than the Al(4s) + Ar(1So) 

asymptote. Furthermore, this work reported a spin-orbit splitting between the X1 
2
11112 

and X2 
2
II312 states of 80.9 ± 2 cm·1 as determined by observation of the ionization 

threshold onset. This value is in close agreement to the 79.8 cm·1 value reported by 

Callender et al. using dispersed fluorescence. 

This significantly lower value for the dissociation energy of the X1 
2
II 112 state was 

later supported by theoretical work performed by Partridge, Bauschlicher, and Visscher. 
41 

Using a RHF/CCSD(T)/AANO level of theory, Partridge et al. obtained a Do value of 

114.0 cm·1 for the X1 
2
II 112 state. Clearly, there exists a marked discrepancy between the 
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X1 
2IlI12 Do values obtained from the experimentally derived Al(4s) + Ar(1S0) and Al(3d) + 

Ar(1So) asymptotic energies. Using theory as an arbiter, it would appear that D0 values 

derived from the B state measurements are most likely in error. The origin ofthis error is 

presumably due to the presence of a barrier at large internuclear distances for the B 2I: I/2 

state. Given the measurements from Heaven and co-workers as well as Morse and co­

workers, the barrier height for the B 2I:I12 state can be estimated to be roughly 40 cm-1
. 
36

,
40 

3.3. Background on the Al(3d)•Ar and Al(4p)•Ar States 

Electronic states arising from the Al(3d) + Ar(1S0) and Al(4p) + Ar(1S0) 

asymptotes represent the next two excited electronic states following the B 2I:I12 state. 

Two spin-orbit components are derived from the excited 3l-3d1 of atomic aluminum 

electronic configuration, namely 2D312 and 2D512. The spin-orbit splitting between the 2D312 

and 2D512 states is significantly smaller than that observed in the ground state, only 1.34 

cm-1 compared to 112.04 cm-I for the latter spin-orbit manifold. 37 Lying roughly 522 cm-I 

above the Al(3d) atomic states are those arising from the Al( 4p) state. 37 In direct analogy 

to the ground state, two atomic spin-orbit components of the Al(4p) 3l-4p1 electronic 

configuration, 2 P 112 and 2 P 312, are observed with a splitting of 15 . 83 cm-1
. 
37 

The close proximity of the Al(3d) and Al( 4p) states offers the possibility that state 

mixing effects might be observed in the Al• Ar molecule, provided that the electronic states 

derived from the Al( 4p )• Ar manifold possess bond strengths comparable in energy to the 

separation between the Al(3d) + Ar(1S0) and Al(4p) + Ar(1So) asymptotes. The degree 

and type of state mixing that might be expected, however, depends critically upon the 
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electronic symmetries of the states arising from both the Al(3d)• Ar and Al( 4p )• Ar 

manifolds. 

An attractive yet potentially daunting feature for any spectroscopist interested in 

the Al(3d)• Ar and Al( 4p )• Ar region is the large number of electronic states present within 

a rather small 1000 cm-1 energy region. Each 2 D 312 and 2D 512 spin-orbit component of the 

Al(3d) 3?-3d1 electronic configuration can interact with an Ar(1S0) atom to form a 

manifold of d , II, and L electronic states.29

-

30 Using a Hund's case (a) notation, a total of 

ten electronic states - 2 
ds12, 

2 
d312, 

2
Il312, 

2
II112, and two 2L+ 1 12 - derive from the Al(3d)• Ar 

manifold, the d and II states being doubly degenerate. Due to the small spin-orbit 

splitting in the 2 D 312 and 2 D 512 atomic states, diatomic states of equal orbital angular 

momentum, A, but different total angular momentum, .Q, are expected to lie close in 

energy. 

Analogous to the ground state Al(3p) + Ar(1So) manifold, six electronic states arise 

from the Al(4p) + Ar(1S0) manifold - three from each spin orbit component (the II states 

being doubly degenerate). Interaction of Ar(1So) with the lower aluminum spin-orbit 

component, 2
P 112, gives rise to 2 II

112 
and 2 L\12 states, while the upper spin-orbit 

component, 2P 312, gives rise to 2II312 and 2L+ 1 12 states. For the sake of simplicity, the 

double degeneracy of the d and II diatomic electronic states will be ignored for the 

remainder of this chapter. 

The initial characterization of the Al•Ar vibronic states arising from the Al(3d) + 

Ar(1S0) manifold was published by Morse's group as part of their comprehensive survey of 

all electronic states for Al•Ar and Al•Kr from Al(3d)•Ar/Kr up to the ionization limit.36 A 
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total of four electronic states were assigned to the spectral region around the aluminum 

atomic 3d ~ 3p transition. Three vibronic progressions were assigned as arising from 

three electronic states converging to the Al(3d) + Ar(1S0) asymptote, namely 2ti(3d), 

2Il(3d), and 22/(3d). Spin-orbit splittings within the vibronic bands arising from states of 

equal orbital angular momentum, A, were stated to be unresolved, presumably due to the 

small splitting observed in the atom. In addition, an abrupt cutoff in signal, preceded by 

an apparent predissociative broadening within the highest vibronic spectral feature, 

enabled a bond dissociation threshold of32557.8 cm-1 to be determined.36 

The 2ti(3d), 2Il(3d), and 2L+(3d) bands were assigned according to the magnitude 

of the bond strength using the rationale discussed in Section 3 .1.1 . The 2 ti(3d) state was 

assigned as the most strongly bound due to the energetically favorable Al(3do)• Ar 5-type 

interaction. Vibrational analysis of the 2 ti(3d) band as well as comparison with isotopic 

shifts from the analogous Al(3d)• Kr 2 ti(3d) band led the authors to conclude that the 0-0 

vibronic level had been observed, yielding a D0 for this state of 525 cm-1
.
36 The next most 

strongly bound state was assigned as the 2Il(3d) because the n-type interaction was 

reasonably assumed to lie intermediate in strength to a 8-type and a cr-type bonding 

interaction. This state was reported to have a Do value of 136.6 cm-1, only slightly higher 

than the X1 
2I1 112 ground state.36 Lastly, a narrowly spaced vibronic progression that 

converged to the proposed dissociation threshold was tentatively assigned as arising from 

the 2L\3d) state. Nevertheless, the reported Do for the 2L+(3d) state, namely 40.3 cm-
1,36 

was unexpectedly large, and was apparently inconsistent with the weak bonding character 

expected from cr-type interactions between third row atomic moieties. 
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The tentative assignment of the progression within the same spectral region as 

those assigned to arise from Al( 4p )• Ar states was intriguing, yet somewhat perplexing. 

Regardless of the fact that transitions to the Al( 4p )• Ar manifold were strictly single­

photon forbidden from the ground state, what was particularly striking about this 

assignment was that the Al(4p)•Ar 0-0 vibronic band appeared almost 100 cm-1 to the red 

of the 2II(3d) 0-0 vibronic band, yielding a surprisingly large reported D0 value of 744.1 

cm-1 for the Al(4p)•Ar state.36 State mixing due to the close proximity of the 2I1(3d) and 

2II( 4p) states would have explained the mechanism by which transitions to the Al( 4p )• Ar 

state possessed some single-photon character. Nevertheless, the large D0 of the Al(4p)•Ar 

state relative to the A1(3d)• Ar state almost certainly implied a significantly smaller 

equilibrium bond distance, re, for the former state. Such a situation required that the two 

diabatic potential energy curves for these states cross at some point either above or below 

the dissociation limit for the Al(3d)• Ar state, resulting in two mixed adiabatic potentials. 

Such a crossing should have resulted in perturbations in the 2II vibronic spectra of both 

states, although none were observed in the vibronic progressions for both the Al(3d)• Ar 

and Al(4p)•Ar states assigned by Morse and co-workers. 

Another worrisome feature of the assignment proposed by Morse and co-workers 

was that a number of spectral features remained unassigned. While these extra lines 

potentially could have been due to spurious signals from fragmentation events in higher 

clusters, their presence is nevertheless disturbing for one attempting to definitively 

understand the true nature of the electronic states in this spectral regi_on. Of particular 

interest was whether any of these allegedly spurious lines were, in fact, the result of 
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vibronic perturbations due to a curve crossing between the Al(3d)• Ar and Al( 4p )• Ar 

diabatic states. 

These ambiguities, especially with respect to the true nature of the Al( 4p )· Ar 

potential, motivated us to re-examine the spectral region containing both Al(3d)• Ar and 

Al( 4p )• Ar states. In particular, we extended the work from Morse's group by performing 

single color 2vis + lvis two-photon REMPI within the 31800 cm-1 to 33500 cm-1 spectral 

region relevant to both Al(3d)• Ar and Al( 4p )• Ar electronic manifolds. By employing two­

photon excitation in addition to the single photon excitation employed previously by 

Morse and co-workers, our experiments were sensitive to vibronic levels of both 

Al(3d)• Ar or Al( 4p )• Ar character, as well as any states of mixed electronic character. 

3.4. Experimental 

Specific details related to the experimental apparatus employed for these 

experiments have been extensively outlined in Chapter 2. Only a brief synopsis is included 

here. The reader is also referred to the previous chapter for specific features related to the 

experimental methodology. 

The Al• Ar van der Waals molecule was generated by standard laser ablation 

techniques. Following the opening of a piezoelectric pulsed valve, the pure argon carrier 

gas ( ~8-1 O atm. stagnation pressure) was injected into either the second or third 

generation laser vaporization source described in Chapter 2. The tripled output of a Nd­

y AG laser (Continuum Surelite 1) was focused on the surface of a rotatable 2024 alloy 

aluminum target rod that was positioned directly adjacent to the throat of the supersonic 
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expans10n. Following the supersonic expansion, the jet was skimmed by a 3 mm orifice 

diameter skimmer (Beam Dynamics), and introduced into the second differential pumping 

region. 

Two principal modes of resonant multi-photon excitation (MPI) were employed 

for these experiments as shown in Figure 3-1. The first, presented on the left hand side of 

Figure 3-1, was a 1 'uv + lvis mode, where a single UV photon was used excite single­

photon allowed transitions to the Al(3d)• Ar and Al( 4p )• Ar manifolds, followed by direct 

ionization by a single visible photon. For the experiments described, the UV light was 

generated by frequency doubling the output of a Quantel/Continuum TDL-51 dye laser 

pumped by a frequency doubled (532 nm) Continuum NY61-20 Nd:YAG laser (1064nm). 

The laser dyes and dye mixtures used for these experiments - DCM, Rh640, Rh640/Rh6 l 0 

(50 :50 mixture), and Rh610 (all purchased from Exciton) - were all used as straight 

methanol solutions. 

Doubling of the dye fundamental from the TDL-51 was accomplished using a 

Continuum UVX-3 UV extension unit equipped with mixing, doubling and mixing after 

doubling capabilities. Straight doubling, using a Continuum DCC-2 crystal (378 nm - 283 

nm) was employed to generate all UV photons for these experiments. Manual tracking of 

the doubling crystal orientation was employed for all l 'uv + lvis by optimizing for maximal 

UV power. 

The visible ionization pulse for the l 'uv + lvis :rvt:PI scheme was taken from the 

residual undoubled dye exiting the DCC-2 crystal. Therefore, the energy of the visible 

ionization pulse was always half that of the UV pump pulse. The atomic aluminum 
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ionization potential is 5.986 eV, or 48278 cm-1
, while that of Al•Ar was determined to be 

47342.6 cm-1
.
36

'
42 For a typical single-photon excitation from the Al(3d)•Ar f- Al(3p)•Ar 

region near 32450 cm-1
, the visible ionization pulse would be 16225 cm-1 or 616 nm. The 

total energy in this case would be 48675 cm-1
. In all cases, therefore, the total photon 

energy used for the l\1PI process was always well above the Al• Ar ionization energy of 

47342.6 cm-1 for all scanned wavelength regions. 

The second mode of resonant multi-photon excitation (l\1PI) that was employed 

for these experiments is shown on the right-hand side of Figure 3-1 , and utilized only the 

visible color of the 1 'uv + lvis experiment outlined above. In essence, this was a single­

color 2vis + l vis l\1PI scheme where excitation to the Al(3d)•Ar and Al(4p)•Ar manifolds 

was achieved by a two-photon pump of equal energy to that of the single UV photon 

utilized for the 1 'uv + lvis experiments. In this manner, we could efficiently probe states of 

Al( 4p )• Ar character - states where transitions are single-photon forbidden but two-photon 

allowed. When scanning in this mode, the straight dye output from the TDL-51 dye laser 

was employed. 

For wavelength calibration within the DCM and Rh640 wavelength regions, the 

atomic Al(3d) f- Al(3p) transitions were employed.37 Calibration within the 50:50 

Rh640/Rh610 mixture and Rh 610 wavelength range was performed using the· atomic 

Al(4p) f- Al(3p) transitions via two-photon excitation.37 In cases where the visible power 

was low, a 150 mm focal length lens was employed to drive the two-photon transitions. 

The resolution of the spectra obtained using both luv + 1 'vis and 2vis -1:- l vis modes of 

excitation was 0.08 cm-1
, the specified resolution of the TDL-51 grating. Calibration 
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scans were performed using the smallest grating step size permissible by the DYEDATA 

program, namely 0.11 cm-1 at 308 nm. The reported absolute peak positions should 

therefore be accurate to within 0.11 cm-1
. Note that simultaneous calibration against a 

universal calibration spectrum such as that provided by the commonly employed Ii 

molecule was not performed for the reported spectral features. 

Spectroscopic features were obtained by monitoring the Al•At (mass 67) and Al+ 

(mass 27) signals as a function of pump laser frequency. By monitoring Al+ fragment 

signal in addition to the Al•Ar+ signal, we were sensitive to any dissociative transitions that 

would occur in the spectral region of interest - a feature that proved extremely important 

during the course of this work. 

Following ionization, the clusters were extracted perpendicularly and mass­

analyzed by a standard 1 m Wiley-McLaren time-of-flight (TOF) spectrometer, 43 and 

detected by a chevron dual-microchannel plate detector. A typical TOF mass spectrum 

can be seen in Figure 2-101 in Chapter 2. Individual scans were recorded by gating the 

mass peak of interest with a gated integrator (SR-250, Stanford Research Systems). SIN 

was greatly improved by switching the laser vaporization Q-switch at half the repetition 

rate and using the gated integrator to subtract the pump background due to DP oil 

contaminant fragments (L V off) from every signal shot (L Von). Analog-to-digital 

conversion of the integrated signal was accomplished by a triggered data acquisition on a 

Keithley-Metrabyte DAS-1602 board. All spectra were power normalized for pump laser 

fluence as determined by separate power dependence scans. 
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3.5. Results 

In order to simplify the presentation and discussion of the observed vibronic 

features, the scanned spectral region will be presented as consisting of two distinct regions 

- the spectral region above the Al(3d)• Ar dissociation limit and that below. Note that this 

is somewhat arbitrary, since some vibronic features are observed to lie within both 

regions, but will prove a convenient framework nonetheless. 

3.5.1. 2vis + lvis and luv + I 'vis REMPI Spectra of Al•Ar and Al Fragments 

Above the Al(3d)•Ar Dissociation Limit 

3. 5. I. I. 2vis + 1 vis REMPI Spectra Above the Al(3d)•Ar Dissociation Limit 

The main motivation for this work was to try to characterize the electronic states 

arising from the Al(4p)•Ar manifold. To this end, 2v;s + lvis single color RE:MPI was 

employed in the region between the Al(3d)•Ar dissociation limit at 32557.8 cm-1 to 33050 

cm-1 above the highest energy atomic Al(4p) ~ Al(3p) transitions. The spectra that we 

obtained monitoring both the Al• Ar+ signal as well as any Al+ signal arising from 

fragmentation of the diatomic molecule is shown in Figure 3-2. The observed band 

positions of the vibronic features for these spectra are compiled in Table 3-1. Above 

32670 cm-1
, two clean vibronic progressions were clearly recognizable, distinguished by 

the letters A and Bin Figure 3-2 and Table 3-1. Signal was obtained in both the Al•Ar+ as 

well as Al+ channels, indicating significant coupling of these bound vibronic bands with 

another electronic state possessing dissociative continuum within the same spectral region. 
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The separation between adjacent bands, e.g., A2-B2, A3-B3 , etc., are tabulated in Table 

3-2. As shown in Table 3-1, both Al•Ar+ and Al+ fragment signal spectra revealed similar 

vibronic band positions. The separation of 11-14 cm-1 between adjacent vibronic levels 

above 32670 cm-1 compares very well with the atomic Al 2P112(4p) - 2P312(4p) spin-orbit 

splitting of 15 . 83 cm-1. Therefore, the two progressions labeled A and B have been 

assigned as arising from the 2IT112(4p) and 2IT312(4p) electronic states respectively. An 

incremental decrease in the observed spin-orbit coupling between the 2IT112( 4p) and 

2IT312( 4p) electronic states with decreasing vibrational quantum number was indicative of a 

gradual evolution from strong Hund' s case (a) character to include partial Hund' s case (b) 

character. The possible origin of this shift in Hund's case character will be discussed 

below. 

In the region between the Al(3d)• Ar dissociation limit and the regular progression 

above 32670 cm-1, the two-photon spectrum for the 2IT112(4p) and 2IT312(4p) electronic 

states was noticeably perturbed. In particular, the 2IT112(4p) progression was strongly 

affected by this perturbation. The first evidence for the effect of this perturbation on the 

2IT112(4p) electronic states was already evident in peak A4. Inspection of peaks Al/Bl 

through A3/B3 reveal an intensity pattern in the Al•Ar+ spectrum where the 
2
IT112(4p) 

vibronic band was more intense than the 2IT312( 4p) vibronic band. Peak A4 in the Al• Ar+ 

spectrum demonstrated a reversal in this intensity pattern, with the 
2
IT112( 4p) vibronic peak 

demonstrating a marked decrease in intensity relative to the 
2
IT312( 4p) vibronic band. At 

the same time, peak A4 exhibited increased fragmentation in the Al+ spectrum, which was 

strongly indicative of a selective increase in coupling to the dissociative continuum of a 
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nearby electronic state. With peak AS, evidence of this coupling was even more 

pronounced. Specifically, the AS peak was significantly weaker in intensity relative to BS 

in the Al•At spectrum, as well as being broadened presumably due to a rapid 

fragmentation process. 

Peak A6 was completely absent in the Al•At spectrum, while the Al+ fragment 

signal spectrum exhibited an intense broad ( ~ 40 cm-1 FWHM) feature. This strongly 

dissociative feature was indicative of the precise curve crossing position between the 

potentials arising from the 2I1112( 4p) state and the dissociative continuum of the strongly 

coupled electronic state. The state to which both 2I1112( 4p) and 2I1312( 4p) states were 

believed to be coupled was a repulsive 2L+ 112(3d) state arising from the A1(3d)• Ar 

electronic manifold. Note that the peak labeled Sin the Al•Ar+ spectrum was not believed 

to be the perturbed 2I1112( 4p) A6 vibronic feature, but rather a quasi-bound level in the 

2L+ 112(3d) dissociative potential or an accidental resonance. Evidence for this derived from 

the Al+ spectrum, where the S peak corresponded to a dip in the broadly dissociative Al+ 

signal. This suggested the existence of a state whose lifetime exceeds that of the 

dissociative 2II 112( 4p) state in this region. 

In an attempt to understand what was happening to the 2I1112( 4p) and 
2
I1112( 4p) 

electronic states within this perturbed region as well as to the red of this region, the 

predicted vibronic peak positions for the 2I1112( 4p) and 2II112( 4p) were derived by linear 

extrapolation from the largely unperturbed A2, A3, A4, and AS as well as the B2, B3, B4, 

and B5 vibronic levels. The predicted A6, A7, A8, and A9 vibronic band positions for the 

2II 112(4p) state are compiled in Table 3-3 . Similarly, the predicted B6, B7, B8, and B9 
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vibronic band positions for the 2fh12(4p) state are compiled in Table 3-4. As expected, the 

2TI312( 4p) state was only moderately perturbed by the curve crossing with the 2:z:+ 112(3d) 

state. The strongest evidence for a strong perturbation in this electronic state above the 

Al(3d)• Ar dissociation limit occurred at vibronic level B6, the higher spin-orbit component 

of the highly perturbed A6 peak of the 2Til/2(4p) state. While the B6 vibronic band did not 

appear significantly broadened by the nearby curve crossing, its peak position was 

nevertheless blue-shifted by 8 cm-1 from the predicted position of 32644 cm-1 to the 

observed position at 32652 cm-1. However, the next vibronic level, B7, appeared almost 

unperturbed, exhibiting a small red-shift of3 cm-1 from the predicted position at 32575 

cm-1 to the observed position at 32572 cm-1. Hence, this state seemed to manifest only a 

highly localized strong coupling interaction with the 2L+ 112(3d) state. 

The same cannot be concluded for the 2TI112( 4p) state. Beyond the AS vibronic 

level of the 2IIl/2(4p) state, all subsequent lower vibronic levels manifested strongly 

perturbed character indicative of substantial mixing with the 2L+ 112(3d) dissociative state. 

As shown in Table 3-3, the predicted peak position for the strongly dissociative A6 

vibronic level was 32634 cm-1. The maximum of the broad Al+ fragment signal arising 

from the A6 peak lay very close to the predicted position, namely 32626 cm-
1

. The next 

vibronic level in the progression, the peak labeled by A7, was predicted to be located at 

32566 cm-1, only 10 cm-1 above the Al(3p)•Ar dissociation limit. As is evident from the 

Al•Ar+ and Al+ fragment signal spectra in Figure 3-2, no feature was apparent in this 

region. A peak with high two-photon character lying just below the Al(3p)•Ar 

dissociation limit at 32548 cm-1 has been assigned as the A7 vibronic level. This implied 
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an 18 cm-1 red-shift in the A 7 vibronic level relative to the predicted peak position at 

32566 cm-1
. Such a strong shift indicated that the electronic wavefunction of the 2II112(4p) 

state was considerably more strongly coupled to the 2L+ 112(3d) state in comparison to the 

2II312( 4p) state, consistent with the substantially greater magnitude of the observed 

vibronic perturbations. 

Two features in this spectral range, namely Xl and X2, remain unassigned. In the 

absence of evidence for other electronic states such as those from the quartet manifold, 

these features were most likely fragment peaks from higher clusters. Attempts to monitor 

the Al• Ar2 spectrum in this spectral region were significantly hampered by our source 

which produced only negligible amounts Al• Ar2 ion signal. The resulting spectra were 

consistently noisy and ambiguous, providing little definitive evidence whether or not peaks 

Xl and X2 were truly due to fragmentation processes within the Al• Ar2 trimer. 

3.5.1.2. I 'uv + lvisREMPI Spectra Above the Al{3d)•Ar Dissociation Limit 

In addition to the two-photon excitation spectra presented above, single-photon 

UV excitation spectra were also obtained for both the diatomic Al•Ar+ species and the Ai+ 

fragments over the same spectral range. The 1 'uv + l vis spectra obtained by monitoring 

both Al•Ar+ (mass 67) and Al+ (mass 27) can be seen in Figures 3-3 and 3-4 respectively. 

From the Al•Ar+ spectrum three main features were observed, two of which, Sand Xl, 

appeared in the two-photon spectra discussed above. The new feature appeared directly 

to the red of the peak labeled S, and was believed to be the location of A6, the 
2
I1112( 4p) 

vibronic band that was absent in the two-photon spectrum due to strong dissociative 
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coupling to the 2L\12(3d) state. The A6 peak position was 32612.8 cm-1. Upon 

examination of the predicted peak positions listed in Table 3-3, the expected location of 

peak A6 was 32634 cm-1
. Therefore, the strong coupling interaction between the 

2
L\12(3d) and 2I1 112(4p) states in this region served to red-shift the A6 vibronic band 

approximately 31 cm-1
. 

It should be noted that the apparent signals observed above 32900 cm-1 were 

artifacts, caused either by the Al(4p) ~ Al(3p) atomic transitions being DC coupled into 

the Al• At gate, or surges in signal due to slight instabilities in the source. Since the A6 

and S signals were so weak, these instabilities, which were otherwise negligible and buried 

in baseline noise, became detectable. 

The Al+ fragment signal spectrum obtained above the Al(3d)• Ar dissociation limit 

shown in Figure 3-4 exhibited several features that had been previously observed, as well 

as four additional ones. The new features, labeled X3, X4, X5, and X6 in Figure 3-4, 

were of unknown origin - possibly due to either fragments of higher clusters or 

dissociative transitions from some unknown metal-aluminum heteromeric diatomic formed 

from trace impurities in the target rod. Another unknown feature correlated with the high 

intensity of the X2 peak at 32587.6 cm-1 which appeared weakly in the 2vis + lvis REJ\1PI 

spectrum seen in Figure 3-2. While it was possible that peak X2 is, in fact, the A6 

vibronic band of the 2I1 112( 4p) state that is strongly perturbed by strong coupling to the 

2L+ 112(3d) state, such an assignment would have implied an approximately 46 cm-1 red-shift 

relative to the predicted peak position. While this was possible, it was nonetheless 

improbable. In light of the peak assigned as A6 that was observed at 32612.8 cm-1 in the 
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AlAr+ l 'uv + lvis REMPI spectrum shown in Figure 3-3, this feature was most likely an 

artifact. 

In addition to these spurious features, two peaks, namely A4 and AS, assigned as 

arising from the 2I1112( 4p) electronic state appeared with strong intensity to the blue of the 

region exhibiting strong perturbations. Peak BS, the higher spin-orbit component of peak 

AS, also appeared, but with significantly reduced intensity. Such observations were 

consistent with the hypothesis of a curve crossing between the 2I1112( 4p) and 2I1312( 4p) 

electronic states and the 2L+112(3d) state. In this case, the 2I1112(4p) state was expected to 

couple significantly more strongly to the 2L+ 112(3d) state relative to the 2I1312( 4p) state in 

the limit ofHund's case (a) coupling in the Al(4p)•Ar manifold. 

The broad dissociative feature between 32600 cm-1 and 32650 cm-1 was due to the 

single-photon allowed 2L+ 112(3d) ~ JG 2IT11i(3p) dissociative transition. Due to the 

apparent curve crossing in the Franck-Condon allowed region, however, no attempt was 

made to model the upper state repulsive surface. 

The vibronic peaks labeled A 7 and B 7 that were assigned as arising from the 

2IT11i( 4p) and 2IT3d 4p) electronic states respectively, were also observed in the single­

photon fragmentation spectrum. The presence of fragmentation from the A 7 peak was 

somewhat puzzling in that it lies below the Al(3d)• Ar dissociation limit. Possible 

explanations for this are that these peaks may derive from fragmentation processes 

occurring in the ion, or possibly predissociative behavior in the 2f1112(3d) state near the 

dissociation limit. The latter, however, would be difficult to reconcile with the absence of 

any obvious broadening in the 2I1112(3d) vibronic peaks converging on the dissociation 



265 

limit discussed below. 

3.5.2. 2vis + I vis and I 'uv + I vis REMPI Spectra of Al•Ar and Al Fragments 

Below the Al(3d)•Ar Dissociation Limit 

3.5.2.l. 21l112(3d), 2Ih12(3d), 21l112(4p), and 2fh12(4p) States 

Having found evidence for the 2Ilvi(4p), and 2I1312(4p) states above the Al(3d)•Ar 

dissociation limit, we proceeded to re-examine the spectral region from 31800 cm-1 to 

32560 cm-1 previously reported by Morse and co-workers.36 However, we extended 

Morse's 1 'uv + lvis REMPI work by employing 2.-is + lvis REMPI as an additional probe of 

this region in an attempt to discern whether any peaks of Al( 4p )• Ar character were indeed 

present below the dissociation limit as had been postulated. During the course of this 

work, it became evident that the assigned 2I1(3d), 2I1( 4p ), and 2I(3d) progressions from 

Morse's work were incorrect. Here we report a revised assignment for the spectral region 

between 32400 cm-1 to the Al(3d)•Ar dissociation limit. 

Both the 1 'uv + lvis and 2vis + lvis REMPI spectra obtained during the course of 

this work by monitoring the Al•Ar+ ion signal are presented in Figure 3-5, as well as being 

reproduced individually for the sake oflabeling clarity in Figures 3-6 and 3-7 respectively. 

The 1 'uv + lvis and 2vis + lvis RE:MPI spectra obtained by monitoring the Al+ fragment 

signal were featureless within the spectral region between 32400 cm-1 and the Al(3d)•Ar 

dissociation limit ( data not shown). The single-photon UV excitation spectrum appeared 

identical to that reported by Morse and co-workers, but was perhaps slightly better 
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resolved. Contrary to Morse' s assignment, the previously reported 2Il(3d) progression 

was not believed to terminate in the region of 32490 cm·1, but rather converged all the 

way to the Al(3d)•Ar dissociation limit. As shown in Figure 3-6, we have assigned two 

progressions as arising from 2I1112(3d) and 2Il312(3d) electronic states. These are labeled 

for the ease of discussion by the letters Y and Z respectively. In addition, the observed 

peak positions for the 2I1112(3d) ~ X1 
2I1112(3p) and 2Il312(3d) ~ X1 

2I1112(3p) transitions 

are compiled in Tables 3-5 and 3-6 respectively. In agreement with Morse' s work, the 

peak labeled YO was assigned as the presumptive 2I1112(3d) ~ JG 2I1112(3p) 0-0 vibronic 

transition. Furthermore, we find that the 2I1112(3d) vibronic progression labeled by Y 

converged to a dissociation threshold of32557.7 cm·1 taken as the peak maximum of the 

last observed feature - a value in excellent agreement to that reported by Morse's group. 

Nevertheless, there existed some odd behavior in the intensities and vibrational 

spacing of the assigned 2Il112(3d) progression, presumably due to some electronic 

perturbation. This was especially pronounced in the spectral region between vibronic 

peaks Y3 and Y5 . In an attempt to understand this behavior, a Birge-Sponer analysis of 

the 2I1112(3d) progression was performed which is shown in Figure 3-8. What was 

particularly striking about Figure 3-8 is that the 2I1112(3d) state potential appears to 

possess two distinct regions of curvature that are delineated between peaks Y 4 and Y5 . 

In order to extract details related to each distinct region of the potential, two 

additional Birge-Sponer plots were prepared.29
•
30 The first includes vibronic levels YO 

through Y3 , and is shown in Figure 3-9. The Birge-Sponer plot is clearly linear, from 

which the following Morse potential parameters were obtained. 30 
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roeX,e = 1.45 cm-1 

Do= 93.5 cm-1 

These parameters would place the A1(3d)• Ar dissociation energy at roughly 3 2514 cm-1 

which was difficult to reconcile with the observed progression. While Birge-Sponer plots 

are notorious for their inaccuracy in predicting D0 values, especially for potentials 

exhibiting considerable anharmonicity such as those common to van der Waals molecules, 

an error equal to one-third the total well depth would be nevertheless particularly poor. 

If, however, we examined the Birge-Sponer plots for the other region of curvature, 

namely that derived from peaks Y7 through Yl5, some interesting behavior emerged. 

This Birge-Sponer plot can be seen in Figure 3-10. This plot was quite linear, with the 

exception of a small deviation from linearity arising from a small perturbation in peak YI 1. 

This perturbation was believed to arise from a weak coupling with the adjacent peak A7 

derived from the 2II112( 4p) electronic state as discussed above. By performing a linear fit, 

the following Morse potential parameters were obtained for this region of 2II112(3d) 

potential. 

roe= 17.8 cm-1 

De= 149.0 cm-1 

roeX,e = 0.53 cm-1 

Do= 140.0 cm·1 

Taking the difference between the Al(3d)• Ar dissociation limit and the 0-0 vibronic band 
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labeled as YO in Figure 3-6, we obtained an observed experimental D0 value of 137.7 cm-1 

for the 2I1112(3d) state. This was in remarkably good agreement with the value derived 

from the Birge-Sponer analysis. While it was somewhat questionable whether any 

quantitative conclusions should be derived from this close correspondence, the similarity 

between these two D0 values was strongly suggestive that the shape of the upper region of 

the 2I1 112(3d) potential may be largely undisturbed by whatever perturbation(s) occur(s) in 

the spectral region between vibronic levels Y3 through Y5 . 

Furthermore, we can gain additional insight into the potential energy profiles of 

these two distinct regions of curvature by examining the magnitude of the curvature 

predicted from the Birge-Sponer analysis. Using such an analysis, the curvature was easily 

derived as 2CDe:X,e, suggesting that the lower part of the 2I1112(3d) potential possessed a 

higher degree of curvature than the upper region. 30 This implied that whatever 

perturbation(s) underlay the disruption of the 2I1112(3d) progression between Y3 through 

Y5, they served to increase the curvature of the lower aspect of the potential profile while 

leaving the upper region largely undisturbed. 

A second progression observed in the l 'uv + lvis spectrum labeled as Z is seen in 

Figure 3-6. This progression has been assigned as arising from the higher spin-orbit 

component of the 2I1(3d) state, namely the 2I1312(3d) state. The spin-orbit splittings 

observed between the 2I1112(3d) and 2I1312(3d) vibronic levels are compiled in Table 3-7. 

Particularly noteworthy was the observation that with the exception of the Z3-Y3 

splitting, the spin-orbit splittings between the 2I1112(3d) and 2I1312(3d) states increased with 

decreasing vibrational quantum number. Recalling the fact that the atomic aluminum 2 D 112 
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and 2D312 spin-orbit components from which these two states arise are separated by 1.34 

cm-1
, both 2Il!12(3d) and 2Il312(3d) states were expected to exhibit at least partial Hund's 

case (b) character. Therefore, spin-orbit splittings between 4 - 5. 5 cm-1 that were 

indicative of substantial Hund' s case ( a) character were unexpected. Such a trend, 

however, has been previously observed in several M• Ar systems, in particular Mg(3s3dn 

3DJ)•Ar(3Il),6 Na(3pn 2PJ)•Ar(2Il),44 and Mg\3s4p 2PJ)•Ar(2Il).45 

In an attempt to locate any features attributable to additional vibronic transitions to 

the 2Il!/2(4p) and 2Il312(4p) states to the red of peaks A7 and B7, 2vis + lvis REMPI spectra 

were also collected in the region between 32400 cm-1 to the Al(3d)•Ar dissociation limit, 

monitoring both the Al•Ar+ and Al+ fragment signal. The spectrum that was obtained is 

shown in Figure 3-7, and is directly compared to that obtained by l 'uv + lvis REMPI in 

Figure 3-5. What was particularly striking about the two-photon spectrum in Figure 3-7 

was that within the region between 32400 cm-1 and 32490 cm-1, to the red of where a 

perturbation was believed to disrupt the 2Il112(3d) progression, both 2Il!/2(3d) and 

2Il312(3d) exhibited considerable two-photon character. Above the curve crossing region 

from 32490 cm-1 to the Al(3d)•Ar dissociation limit, however, the 2Il112(3d) vibronic levels 

demonstrated little or no detectable two-photon character. This was consistent with the 

Birge-Sponer analysis for the 2Illl2(3d) progression that suggested the existence of 

perturbations increasing the curvature of the lower part of the 2Il!12(3d) state, while 

leaving the upper regions of the potential relatively undisturbed. 

The high two-photon character of a great number of the spectral features observed 

by 1 'uv + lvis REMPI obscured the ability to definitively assign vibronic features 
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exclusively attributable as arising from lower vibronic levels of the 2II 112( 4p) and 2II312( 4p) 

electronic states. Nevertheless, two peaks, A8 (visible in both single- and two-photon 

spectra in Figures 3-6 and 3-7 respectively) and B8 (visible in the two-photon spectrum in 

Figure 3-7), were believed to be the next and final vibronic features from the 2II112(4p) and 

2I1312( 4p) electronic states. Peak A8 was assigned as arising from the lowest observable 

vibrational level of the 2II112( 4p) state. This assignment was first based upon the close 

similarities in peak shape between peaks A 7 and A8 as seen in Figure 3-11. The second 

criteria was the significant single-photon intensity observed in peak A8 . This was 

consistent with strong state mixing with states within the Al(3d)• Ar manifold, namely the 

2II(3d) and 2L(3d) electronic states. The fact that similar single-photon character was 

likewise evident in peak A7 strongly suggested a common origin. As seen in Table 3-3 , 

linear extrapolation from the upper 2II 112( 4p) unperturbed vibronic levels predicted that the 

A8 peak position lay at 32491 cm-1
. The observed value at 32502 cm-1 exhibited a blue­

shift of 11 cm-1, consistent with the fact that it was a curve crossing between the 2II112(4p) 

and 2II112(3d) levels that gave rise to the perturbation observed in the 2II112(3d) 

progression between peaks Y3 and YS . A curve crossing between the 2II112(4p) and 

2II112(3d) around the region of 32480 cm-1 could easily account for the 11 cm-1 shift in the 

A8 vibronic level. 

The assignment of peak B8 at 32490.7 cm-1 as the lowest energy vibronic level 

arising from the 2II3n( 4p) electronic state was tentative. The peak profile of peak B8 

possessed a similar contour to those observed for the other 
2
II112(4p) vibronic levels 

apparent below the Al(3d)• Ar dissociation limit - indicative of a common electronic origin. 
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Further support derived from a linear extrapolation analysis from the upper vibronic 

2I1312(4p) states to predict the lower 2IT312(4p) vibronic band positions as shown in Table 

3-4. This analysis predicted that peak B8 should appear at 32499 cm·1. Assuming that the 

coupling between the 2I1312( 4p) and 2I1312(3d) was approximately comparable to that 

between the 2I1112(4p) and 2I1112(3d) states, a shift on the order of 10 cm·1 might be 

expected for peak B8, placing its expected peak position in the region of 32490 cm·1 to 

32510 cm·1. Given that a) the perturbation in the 2I1112(3d) progression presumably placed 

the 2I1112(3d) - 2I1112(4p) crossing in the region of32480 cm·1 to 32490 cm·1, and b) the 

2I11/2(4p) - 2I1312(4p) spin-orbit splitting was most likely between 10 cm·1 and 15 cm·1 

within this spectral region, then the 2I1312(3d) - 2I1312( 4p) curve crossing would be expected 

to occur in the region between 32490 cm·1 and 32510 cm·1. This was consistent with the 

hypothesis that the diabatic vibrational level for the peak labeled B8 lay very near or in the 

2I1312(3d) - 2I13!2( 4p) crossing region, resulting in a significant red-shift to the observed 

peak position at 32490 cm·1. The observed weak intensity of peak B8 may also be 

attributable to the fact that the vibrational level that gave rise to vibronic level B8 on the 

2I13n( 4p) diabatic potential was presumed to be located very close to the crossing region. 

Strong perturbations may have caused the nature of the electronic wavefunction as well as 

the transition dipole matrix element to vary dramatically as a function of internuclear 

distance within the crossing region, significantly affecting the observed transition intensity 

relative to that of the 2IT 112( 4p) spin-orbit component. 

Other interesting characteristics of the two-photon spectrum were the relative 

intensities of the different progressions relative to the single-photon spectrum, as well as 
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several frequency shifts evident in certain vibronic levels. Tables 3-5 and 3-6 contain a 

compilation of the observed peak positions from both the single- and double-photon 

excitation spectra of the 2II112(3d) and 2II312(3d) states respectively. Due to the breadth of 

some of the two-photon peaks and the lower signal to noise, the reported peak values may 

contain uncertainties on the order of 0.5 - 1.0 cm-1
. Whenever possible, the peak positions 

were taken as peak maxima. However, in cases with no obvious maxima, the approximate 

center of the peak was used to record the peak position. 

On the whole, peaks assigned as arising from the 2II31i(3d) state appeared with 

almost equal intensity compared to the 2II 112(3d) state in the two-photon spectrum, and in 

the case of Z3, greater intensity. Peaks arising from the 2II112(3d) state in the region of the 

presumed 2II 112(3d) - 2II112(4p) curve crossing, namely Y4 and Y5, were observed to 

possess much higher intensity in the two-photon spectrum than the other vibronic peaks in 

the progression. This attribute, coupled to the fact that these two peaks demonstrated 

significantly decreased single-photon character, lent further credence to the notion of a 

curve crossing between the 2II112(3d) and 2II11i( 4p) states within this spectral region. 

As can be seen from comparing the reported peak positions between the single­

and double-photon excitation spectra compiled in Tables 3-5 and 3-6, many of the 

2II112(3d) and 2II11i(3d) vibronic levels exhibited small blue-shifts on the order of 0-2 cm-1 

in the two-photon spectrum relative to the single-photon spectrum. The exceptions were 

peaks Yl and Zl, both of which demonstrated a strong red-shift of 4.7 cm-1 and 4.9 cm-1 

respectively. The physical basis for this large anomalous shift is not understood. In the 

next section we will provide evidence for a curve crossing between the 2II(3d) and 2/i(3d) 
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states near the 0-0 vibrational levels for both the 2I1112(3d) and 2II312(3d) states. 

Nevertheless, the absence of a shift of similar magnitude in peaks YO and Z0 renders it 

difficult to argue with confidence that mixing with the 2 /1(3d) state in this region was the 

origin of this shift. 

Several features in the two-photon spectrum, notably those labeled by the letter O, 

remain of mysterious origin. One peak in particular, 06, appeared at first as a good 

candidate for the 0-0 vibronic level of the 2I1112(3d) state. Nevertheless, close examination 

of the peak shapes showed that peak 06 was shaded to the blue while those assigned as 

arising from the 2I1112(3d) state were shaded to the red. Furthermore, the absence of any 

evidence for the 2Il312(3d) state near peak 06 caused us to dismiss this peak as a candidate 

for the 0-0 vibronic level. Likewise, the spacing between several of these peaks, namely 

01, 02, 03, and 06, gave the appearance of possibly arising from the 2II112(4p) and 

2Il3n( 4p) states. Arguing against this was the fact that none of these peaks fit well to the 

expected peak positions for the 2I1 112( 4p) and 2I1312( 4p) states. Furthermore, if O 1 were, in 

fact, the 0-0 vibrational level for the 2I1112(4p) state, this would have resulted in a Do value 

for the 2II1n( 4p) state of approximately 785 cm·1
. While this was possible, it was also 

highly improbable given that the observed zero-point bond strength for the Al• Ar 2II( 6p) 

state is only 787.8 cm·1
.
36 Due to the expectation of increased Rydberg-like behavior with 

increasing electronic excitation, an equal bond strength would imply a virtually identical 

ionic core for the 2II states derived from the Al( 4p )• Ar and Al( 6p )• Ar manifolds. 

Ultimately, these peaks remain unassigned. Attempts to positively assign them as 

fragment peaks due to fragments of Al•Ar2 have been inconclusive so far due to our 
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inability to generate significant amount of Al• Ar2 in our source. 

3.5.2.2. 2 L1(3d) States 

During the course of this work, the progression assigned as the 2 /j.(3d) in Morse's 

work was also re-examined. As was the case with the reported work by Morse and co­

workers, only a single progression was observed. The absence of a resolvable splitting 

between the 2/j.(3d) spin-orbit manifold was suggestive of predominant Hund's case (b) 

character. 

While those bands previously assigned by Morse and co-workers as belonging to 

the 2 Jj.(3d) were found to be correct, the vibrational assignment was incorrect. We have 

uncovered two additional vibronic features to the red of those previously reported. These 

new vibronic peaks are shown in Figure 3-12. Figure 3-13 shows the Birge-Sponer plot 

for the 2 /j.(3d) electronic state including the two newly discovered peaks with those 

previously reported from the work of Morse and co-workers.36 By performing a linear fit, 

the following Morse potential parameters were obtained for the 2 Jj.(3d) potential. 

roe= 76.9 cm-1 

De= 724.3 cm-1 

(J)e'f,,e = 2.04 cm-1 

D0 = 685.9 cm-1 

The experimental D0 taken as the difference between the new 2 Jj.(3d) 0-0 band with the 

Al(3d)•Ar dissociation limit yielded a value of 663.5 cm-1
. This was reasonable agreement 

with the predicted Birge-Sp oner value given the approximate nature of the analysis. 
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Furthermore, the revised value of COeXe was in close accordance with the 1. 99 cm·1 value 

previously reported by Morse and co-workers. 

If an additional vibronic level was present in the 2 /1(3d) state to the red of the 

presumed new 0-0 vibronic level, its peak position would have been expected to appear at 

approximately 31817 cm·1
. Extensive signal averaging in the region of 31800 cm·1 and 

31830 cm·1
, however, failed to provide any evidence of an additional vibronic level below 

the new feature observed at 31894.3 cm·1
. We were confident, therefore, that vibronic 

band at 31894.3 cm·1 was the 0-0 vibronic level for the 2/1(3d) state. 

In addition, two puzzling features observed in both the single- and two-photon 

spectra between 32400 cm·1 and the Al(3d)•Ar dissociation limit (see Figures 3-6 and 3-7) 

can be tentatively assigned as originating from the next higher 2 /1(3d) state vibronic levels 

above the last vibronic band assigned by Morse and co-workers. These two features are 

labeled Dl0 and DI 1 in Figures 3-6 and 3-7. The rationale behind this assignment was as 

follows. If the predicted peak positions for the next vibronic levels from the Birge-Sponer 

plot shown in Figure 3-13 were extrapolated forward, the 2 /1(3d) 0-10 (D 10) and 0-11 

(Dl 1) vibronic peak positions were predicted to be observed at 32416 cm·1 and 32444 

cm·1 respectively. The experimental peak position for Dl0 was 32427.6 cm·1
, and that of 

Dl 1 was 32449.9 cm·1
. Due to the strongly bound nature of the 211(3d) potential, the 

outer turning point of the upper portion of the 211(3d) potential undoubtedly lay close to 

the outer turning point of the 2I1112(3d) and 2Il312(3d) states. Peaks D 10 and D 11, then, 

were believed to result due to a state mixing interaction caused by the close proximity of 

the 2 /1(3d) and 2I1312(3d) potentials in a region very close to the bottom of the 2Il312(3d) 
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potential well. The larger blue-shift in peak DI 0 relative to D 11 in comparison to the 

extrapolated peak positions was likewise suggestive of a state mixing interaction near the 

bottom of the potential well. 

Since rotational band contours are characterisitic of individual electronic states 
' 

examination of the DI 0 and D 11 provided some insight into their possible electronic state 

origin. The peak contours exhibited by peaks D 10 and D 11 were both broad and shaded 

to the blue. Such characteristics were identical to those observed in the other 2 !i(3d) 

vibronic bands already assigned. In contrast, all 2Il(3d) and 2Il( 4p) vibronic bands were 

shaded to the red, making it unlikely that vibronic bands from these states gave rise to 

these features . 

In addition, both peaks Dl0 and DI 1 possessed very strong two-photon character. 

State mixing with the 2Il312(3d) state, which was already strongly coupled to the 2Il312( 4p) 

state, provides a mechanism by which the 2 !i(3d) state acquired two-photon oscillator 

strength. While such observations were far from definitive, this qualitative evidence was 

consistent with the proposed assignment. Nevertheless, one cannot rule out the possibility 

that peaks D 10 and D 11 were merely artifacts. 

3.5.3. Preliminary ab initio Results on the Al(3d)•Ar and Al(4p)~Ar 

Electronic Manifolds 

Over the course of performing this work, it became evident that ab initio 

calculations of the Al(3d)•Ar and Al(4p)•Ar electronic manifolds could provide insight 

into some of the unusual spectroscopic behavior presented in the preceding sections. 
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Consequently, theoretical analysis of these states was begun through a collaboration with 

Jeff Sheehy and Jerry Boatz, both of whom have had considerable success determining the 

underlying mechanisms behind some unusual spectroscopic behavior observed in systems 

where alkali metal atoms were embedded in rare gas matrics. The results of the 

preliminary theoretical calculations described below have been reported, 46 and were all 

derived from work by Jeff Sheehy and Jerry Boatz performed the at Phillips Laboratory, 

Edwards Air Force Base. Since these results were preliminary, they will not be presented 

to argue quantitative details related to the Al(3d)• Ar and Al( 4p )• Ar electronic manifolds, 

but rather to provide a framework around which some of the observed spectroscopic 

behavior may be rationalized. 

To perform the calculations on the diatomic potential energy curves that correlate 

with the Al(3p)•Ar, Al(4s)•Ar, Al(3d)•Ar, and Al(4p)•Ar electronic manifolds, Sheehy 

used the (I 7sl2p5d4/)/[7s6p4d3j] atomic natural basis set (supplemented with diffuse 

(ls lpldl.f) functions), in conjunction with internally contracted multireference 

configuration interaction (MR.CI) calculations from [6331] (3 electrons in 13 orbitals) 

state-averaged complete active space reference wavefunctions. In addition, the "HFDB2" 

potential of Aziz and Slaman46
-4

7 was used in calculating the Al•Ar interaction energies. 

Spin-orbit interactions within the atomic aluminum moiety were neglected. 

The ground and first excited B 2I + 112( 4s) states were calculated in order to test 

whether this level of theory was adequate to describe the weakly bound Al•Ar system. 

These results are presented in Figures 3-14 and 3-15 for the former and the latter 

respectively. The ground state calculation compared favorable to that already reported by 
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Partridge et al. 41 Sheehy obtained a ground state equilibrium bond distance of 4 A, and 

zero-point bond energy of 115 cm-1
. The calculated bond distance was slightly longer than 

that determined by experiment, namely 3.79 A, as well as the 3.86 A value calculated by 

Partridge et al. 41 Sheehy's D0 value, however, was in close accordance with both the 

122.4 cm-1 experimental value obtained by Morse and co-workers,36 as well as the 

calculated value of 112 cm-1 derived by Partridge et al. 

The calculated potential for the B 2L 11i{ 4s) state shown in Figure 3-15 

demonstrated qualitatively the behavior expected from this state given the experimental 

results described above. A significant barrier above the Al( 4s)• Ar dissociation limit was 

predicted at 4.5 A, suporting the notion that the D0 values for theX1 
2II 11i(3p) ground 

state found by Callender et al. 39 and Heaven and co-workers40 were, in fact, due to a 

barrier in the B 2L112( 4s) state at large internuclear distances. Nevertheless, theory 

appeared to dramatically overestimate the magnitude of this barrier by almost 60 cm-1 

given the experimental estimate of the presence of a 40 cm-1 barrier. Furthermore, the 

calculated De value for the 2L112( 4s) state of approximately 240 cm-1 was significantly less 

than the 440 +
35 

/_8 cm-1 experimental value obtained by Heaven and co-workers. 40 

The calculated electronic states arising from the Al(3d)•Ar, and Al(4p)•Ar 

electronic manifolds shown in Figure 3-16 were quite complicated, even with additional 

spin-orbit effects neglected. Examination of the calculated potentials presented in Figure 

3-16 provided additional evidence for the presence of a strongly-bound 2II( 4p) manifold 

interacting with the 2II(3d) electronic manifold within an internuclear distance range 

relevant to determining bond character. Nevetheless, the calculations dramatically 
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underestimated the magnitude of the 2II(3d) well depth, providing an estimate of roughly 

35 cm·1 rather than the 140 cm·1 Do value observed experimentally. 

An extremely strong coupling between the 2II(3d) and 211( 4p) states was evident in 

the diabatic crossing region at roughly 3.6 A. This crossing was calculated to lie above 

the Al(3d)• Ar dissociation limit, with a coupling strength of approximately 151 cm·1
. 

Given the accuracy of the excited state calculations, however, the true crossing point 

could have easily varied by hundreds ofwavenumbers either above or below the calculated 

curve crossing region. The magnitude of the calculated coupling was quite large - on the 

order of the D0 

2II(3d) potential itself. Such a strong coupling was reminiscent of a 

strongly-coupled double-well adiabatic potential, where the inner well correlated to the 

2II( 4p) electronic state, while the outer well correlated to the 2Il(3d) electronic state. 

Such a state, analogous to the intensively investigated E,F 1I:/ state ofH2 formed by a 

strongly avoided crossing between the (ls2s) 1I:/ and (2pcru)2 1L/ states,48
"
58 would be 

quite novel for a weakly-bound van der Waals system. 

The other noteworthy feature from the calculations was the prediction that the 

2L\3d) state should be mostly repulsive in character. Near the Al(3d)• Ar dissociation 

limit, however, the potential appeared much flatter, indicative a significant mixing with 

other nearby electronic states. A very weakly-bound region of this potential was evident 

at very large internuclear distance - 11 A - but its shallow nature would have undoubtedly 

precluded the existence of any bound vibrational levels. 

In addition, the 2L+(3d) and the 2II(3d) / 2II(4p) electronic state potential energy 

curves were predicted to be in close proximty around 3. 8 A, near to the internuclear 
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distance where direct Franck-Condon allowed transitions from the ground state would be 

expected to occur. The theoretically predicted crossing point was expected to lie 

approximately 130 cm-1 above the Al(3d)•Ar dissociation limit. Experimentally, this value 

appeared to be closer to 60 cm-1 above the Al(3d)• Ar dissociation limit - a reasonable 

agreement given the magnitude of the errors evident in the calculated energetics for the B 

2I 112( 4s) state. Furthermore, the 2I\3d) potential was predicted to possess a bound 

region within the internuclear distance range of 3 - 4 A. Whether this shallow well could 

have possibly supported a bound vibronic level has not been determined, but the possibility 

for pseudo-bound character in the 2I+(3d) state near the predicted 2II(3d) / 2II(4p) 

crossing point was consistent with the observation of possible dynamical effects in the 

spectroscopic behavior within this region. 

The calculated 2 t:,.(3d) state possessed a calculated De value of approximately 480 

cm-1
, significantly smaller that the revised experimental value on the order of 700 cm-1

. 

Close examination near the Al(3d)• Ar dissociation limit revealed that at high vibronic 

levels, the 2 t:,.(3d) state lay within the outer turning point of the 2II(3d) potential before 

crossing the latter state. Such qualitative behavior was expected due to the strong 

bonding character presented by the 2 t:,.(3d) state. However, since the calculations 

significantly underestimated the magnitude of the 2t:,.(3d) and 2Il(3d) zero-point bond 

dissociation energies, it was difficult to say definitively where the exact region of 

interaction between these two states did in fact occur. 
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3.6. Discussion 

3. 6.1 . Electronic States Originating Above the Al (3 d) •Ar Dissociation Limit 

3.6.1.1. 2 Il112(4p), 2 Ih12(4p) , and 2 .E"112(3d) Electronic States 

As seen in Figure 3-2, the two-photon 2vis + 1 vis REl\1PI spectrum showed a clear 

progression of doublets that have been assigned as arising from the 2II11i( 4p) and 2II312( 4p) 

states. While only the 2II112( 4p) +-X1 
2II 11i(3p) transition was allowed in the single­

photon spectrum due to the strict ~I:= 0 selection rule in Hund's case (a), both 2II112(4p) 

+- JG 2IT112(3p) and 2IT312( 4p) +- X 1 
2II112(3p) transitions were allowed using two-photon 

excitation. 

In the spectral region nearest to the Al( 4p )• Ar dissociation limit, the 2II( 4p) states 

derived from the A1(2P112) + Ar(1So) and A1(2P312) + Ar(1So) asymptotes exhibited classic 

Hund's case (a) character. As is evident from Table 3-2, the highest vibronic levels of the 

2II 112( 4p) and 2IT312( 4p) states possessed spin-orbit splittings almost identical to the atomic 

states from which they derived. For diatomic molecules ofHund's case (a) character, the 

off-diagonal matrix elements of single-electron spin-orbit operator are essentially zero. 

The spin-orbit interaction, then, is determined by the diagonal matrix elements of the spin-

b
. 159 or 1t operator. ' 
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The value of a,,, the molecular spin-orbit parameter, is directly analogous to the well­

known atomic spin-orbit parameter, ½I< (nl) .59 A spin-orbit value of 15 cm-1 such as that 

observed for the last resolved spin-orbit doublet closely resembled the atomic spin-orbit 

value of 15 .83 cm·1
. This is quite consistent with Hund's case (a) character near the 

Al( 4p )• Ar dissociation limit. 

The lower regions of the 2I1v2( 4p) and 2I1312( 4p) potentials near the Al(3d)• Ar 

dissociation limit were complicated by the presence of perturbations. The observation of 

the Al+ fragment signal spectrum that closely resembled that obtained by monitoring the 

Al•Ar+ signal over the same spectral range was compatible with the hypothesis that both 

the 2I1 112(4p) and 2I1312(4p) states were coupled to a third electronic state that was 

principally dissociative in character. Based on the ab initio results that predicted the 

presence of a primarily repulsive 2I:+ 112(3d) electronic state within the same energetic 

region manifesting perturbed behavior, a curve crossing that coupled the 2I1112( 4p) and 

2I1312( 4p) states with the 2r,+ 112(3d) state in the region just above the Al(3d)• Ar dissociation 

limit was believed to be the origin of this dissociative character. 

The experimental spectra provided several lines of evidence to support this 

conclusion. Foremost, the 2I1112(4p) electronic state was perturbed to a much greater 

degree than the 2I1312(4p) state. As outlined by Field and Lefebvre-Brion,
59 

the magnitude 

of the coupling between the 2I,(3d) and 2II( 4p) states is determined by the off-diagonal 

matrix elements of the total electronic Hamiltonian. Perturbations arising from off­

diagonal couplings between the 2I:+v2(3d) and 2I1112(4p) states can originate from a number 

of causes, most notably electrostatic as well as spin-electronic sources. The selection rules 
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for homogeneous electrostatic perturbations are 

AA = 0, AI = 0, l1S = 0 and AQ = 0 

while those for homogeneous spin-electronic perturbations are 

AA= +/.1, AI= "/+l, !1S= 0 and AQ = 0.59 

Both the 2I+ 112(3d) and 2I1112( 4p) states could potentially interact to some degree via a 

spin-electronic interaction governed by the off diagonal matrix element 

In cases where only a single electron configuration is important such as that presented in 

the ground and excited states of atomic aluminum, the total spin-electronic operator can 

be safely approximated by the sum of single electron spin-orbit operators as follows: 

( v I 

2
µR1i 2 I v') (A,S,I,nl ~)f~:S~ JA+l,S,I±1,n).

59 

I J 

The 2I1112(4p) electronic state is described by the I A= 1, I= -1/2, n = 1/2 > electronic 

configuration, while the 2I\12(3d) is described by I A= 0, I= 1/2, n = 1/2 >. Following 
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Field's notation, these two states can be rewritten as In~> and I cra, > respectively. 59 

These two electronic configurations interact via the one-electron spin-orbit operator as 

In the limit where the two potential energy curves are of identical character, the 

vibrational term can be reduced to a delta function, Ovv·, yielding the limiting case of the 

pure precession hypothesis. In the case of the 2I+ 112(3d) and 2Ilu2( 4p) states, however, the 

potentials are of dramatically different character. Therefore, the vibrational part of the 

matrix element cannot be factored out, making an evaluation of these matrix elements 

challenging. The predicted matrix element will be very sensitive to the internuclear 

distance, as will the magnitude of the spin-orbit coupling in the vicinity of the crossing 

region. 

The effects ofthis coupling on the 2Ilui(4p) state are apparent for vibronic levels 

to the blue of the crossing region. From Figure 3-2, a selective augmentation in the 

dissociative processes within the 2Ilui( 4p) state over the 2Il312( 4p) state was apparent for 

vibronic levels A4/B4 and A5/B5 . Furthermore, both A4 and AS from the 2II11i( 4p) state 

possessed significant single-photon character as shown in Figure 3-4, while B4 and BS 

were barely observed in the single-photon spectrum if at all. All of this was consistent 

with an avoided curve crossing between the 2I+ 112(3d) and 2II112( 4p) states that served to 

mix A1(3d) electronic character into the states arising from the Al( 4p) electronic 
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configuration, and vice versa. 

Another interesting feature of the 2II112(4p) and 2Il312(4p) vibronic levels above the 

perturbed region was the incremental decrease in spin-orbit splitting with decreasing 

vibrational quantum number. There are two possible explanations that can plausibly 

account for this observation, either individually or in concert. The first involves direct 

spin-orbit coupling between the 2r +112(3d) and 2II112(4p) states. As was discussed above, 

the crossing of these two potentials introduces non-zero off diagonal elements into the 

spin-electronic Hamiltonian. The effect of this will be that each individual electronic state 

will possess some spin-orbit character of the other in the weak coupling limit. Due to the 

significant difference in spin-orbit splitting between the Al(3d) and the Al( 4p) electronic 

manifolds, namely 1.34 cm-1 versus 15.83 cm-1, a small coupling between these two states 

might serve to mix atomic spin-orbit character, decreasing the observed spin-orbit splitting 

in the 2II112(4p) and 2TI312(4p) states more towards those observed from the Al(3d)•Ar 

electronic manifold. Upon approaching the crossing region, the coupling should increase 

in magnitude. Hence, the 2TI112( 4p) and 2TI312( 4p) states would be expected to acquire 

more and more Al(3d) character near the crossing point, serving to systematically decrease 

the observed spin-orbit coupling - the precise effect that has been observed experimentally. 

The other underlying cause of the decreased spin-orbit coupling near the crossing 

point could be selective perturbation of the 2TI112(4p) state exclusively due to the curve 

crossing with the 2I\12(3d) state. In essence, state mixing could cause the 
2TI112(4p) 

vibronic levels to the blue of the crossing region to experience a blue-shift that scaled in 

some manner proportionally with the energy difference between the crossing point and the 
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specific vibronic level. Since this blue-shift would be expected to increase closer to the 

crossing region, the net effect would be to decrease the energy difference between the 

2I1v2( 4p) and 2I1v2( 4p) states as the 2I1v2( 4p) state was shifted further and further to the 

blue. In this case, the spin-orbit character of the 2I1( 4p) electronic manifold would retain 

much of its Hund's case (a) character, and demonstrate little or no spin-orbit character of 

the Al(3d) manifold. In the absence of a rotationally resolved spectrum of each vibronic 

band, however, it is impossible to definitively conclude which effect might be dominant. 

Near or at the crossing region between the 2I1112(4p) / 2I1312(4p) states and 

22:+ 112(3d) state, the observed single- and two-photon excitation spectra were rather 

complex. From the single-photon spectrum of the Al+ dissociative channel shown in 

Figure 3-4, the broad fragmentation feature was characteristic of a bound➔continuum 

transition between the ground and 22:+ 112(3d) states. This implied that the crossing region 

between the 22:+ 112(3d) and 2I1( 4p) states occurred within an internuclear distance region 

accessible by direct Franck-Condon-allowed transition from the ground state. Therefore, 

these excited state potentials most likely crossed within a region very close to the ground 

state equilibrium bond distance of 3. 79 A. 

Both vibronic features A6 and B6 that arose from the 2I1112(4p) and 2I1312(4p) states 

near the crossing region likewise demonstrated strongly perturbed behavior. While 

maintaining an apparently unperturbed band contour in the two-photon spectrum, peak B6 

from the 2II312( 4p) state nevertheless exhibited a strong blue-shift relative to its predicted 

peak position derived from linear extrapolation from the higher unperturbed vibronic 

levels (see Table 3-4). In contrast, peak A6 is completely absent from the two-photon 
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Al•Ar+ spectrum, appearing only in the Al+ fragment signal spectrum as a broad 

dissociative feature. A weak feature appearing in the single-photon spectrum has been 

assigned as being the only evidence for a bound A6 vibronic level (see Figure 3-3). The 

weak intensity of this peak relative to the Al+ dissociative channel, along with the absence 

of two-photon character, strongly suggested that the potentials within this energy region 

are strongly mixed. 

Below the curve crossing region of the 2Z:\12(3d) and 2TI(4p) states as well as 

below the Al(3d)• Ar dissociation limit, vibronic levels believed to arise from the 2TI112( 4p) 

and 2TI312(4p) states have been tentatively assigned. The assignment ofvibronic level B7 -

the last Al( 4p )• Ar feature observed above the Al(3d)• Ar dissociation limit - can be made 

with a reasonable degree of confidence. First, this peak lies very close to the expected 

peak position derived from a linear extrapolation from the upper 2TI312( 4p) vibronic levels. 

Second, this peak demonstrated strong two-photon character, and no obvious single­

photon character. This was consistent with the hypothesis that mixing of the 2Il312(4p) and 

2Z:+ 112(3d) states should exhibit significantly smaller coupling than that between the 

2TI112( 4p) and 2Z:+ 112(3d) states. 

The assignment of another vibronic level from the 2I1312( 4p) state - a putative 0-0 

vibronic band - was complicated due to the presence of the 2I1(3d) and 2I1(4p) curve 

crossing near 32490 cm-1
. The peak position of the next predicted vibronic level, B8, lies 

directly within the presumptive 2I1312(3d) - 2I1312( 4p) curve crossing region. The tentative 

assignment of B 8 has been made on the basis of a number of criteria, none of them 

definitive. First, the assigned feature was unique to the two-photon spectrum, as expected 
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for the 2I13;2( 4p) state due to its weaker coupling with the 2I+ 112(3d) state. Second, the 

band contour of this peak strongly resembles those assigned to the 2I1112( 4p) vibronic 

levels below the Al(3d)• Ar dissociation limit. Third, the assigned peak lay close to the 

predicted peak position derived from linear extrapolation from the upper unperturbed 

2I111z(4p) levels, appearing just 10 cm·1 to the red of the expected position. Such a shift 

could be readily justified by a nearby 2I1312(3d) - 2I13!2( 4p) curve crossing close to where 

the diabatic vibronic level would be expected to exist. Lastly, this feature was one of the 

few orphan features left unassigned in this spectral region from which this state could 

potentially originate. 

The 2I1112( 4p) vibronic levels observed below the Al(3d)• Ar dissociation limit the 

can be assigned with a reasonable degree of confidence. A key criterion for assigning 

these peaks is the expectation that each should possess some single-photon character due 

to the strong state mixing with the 2I+ 112(3d) state just above the Al(3d)• Ar dissociation 

limit. The assignment of A7, the next vibronic level directly below the curve crossing, is 

consistent with the expected degree of state mixing. The A 7 peak possessed both 

significant single- and two-photon character, the single-photon feature being particularly 

intense. Furthermore, the shape of this band contour resembles those arising from the 

2I1112(4p) above the Al(3d)•Ar dissociation limit. Peak A7 was observed close to its 

predicted peak position, appearing approximately 10 cm·1 to the red of where the 

unperturbed peak would be expected to lie. Such a shift was consistent with the nearby 

2I+112(3d) - 2I111z(4p) curve crossing. Finally, the two-photon spectrum demonstrated that 

this peak displayed strong two-photon character, suggestive of a 2I1112( 4p) vibronic level. 
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Peak A8, the final vibronic level assigned as arising from the 2II112( 4p) state and 

the putative 0-0 band, manifests much of the same qualitative behavior and characteristics 

as peak A 7. The strong single-photon character, coupled with an almost identical peak 

contour as peak A7 as seen in Figure 3-11, argued persuasively for the assignment of peak 

A8 being a 2Il112( 4p) vibronic band. Furthermore, the peak position was in reasonable 

agreement with that expected from linear extrapolation, albeit blue-shifted by 11 cm·1
. 

Nonetheless, given the close proximity of the 2TI1a(3d) / 2TI112(4p) curve crossing just to 

the red of this feature, such a shift would have been reasonable. 

Provided that peaks A8 and B8 did, in fact, represent the 0-0 vibronic levels of the 

2TI112(4p) and 2Il312(4p) state respectively, we can obtain an estimate of approximately 580 

cm·1 for the 2TI( 4p) state D0 value. This estimate was significantly lower than the 744.1 

cm·1 value tentatively reported by Morse and co-workers,36 and appeared much more 

reasonable given the other bond strengths characterized for the Al•Ar molecule.36
'
38

-4° In 

particular, the D0 value for the 2Il( 6p) state has been reported to be 787. 8 cm·1
. A lower 

value for the Al( 4p )• Ar dissociation energy seemed more plausible. Furthermore, because 

the 2TI(3d) electronic states possessed a zero-point dissociation energy of roughly 140 

cm·1
, the 2Il( 4p) electronic state would not have been expected to acquire a significant 

augmentation in bond energy through state mixing. Hence, the apparent zero-point energy 

for the diabatic 2Il( 4p) state probably did not differ much from the experimentally derived 

Do value. 

In light of the observed single- and two-photon spectra, it was evident that the 

assignment for the 2I+ 112(3d) state by Morse and co-workers was incorrect. 36 Given the 
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observed spectroscopic behavior as well as the preliminary ab initio results, the 2I:+ 112(3d) 

state was in all likelihood primarily repulsive. The shape of this potential was nevertheless 

interesting. Theory predicted that the 2I:+ 112(3d) state may have possessed slight bonding 

character within an internuclear distance region potentially accessible from the ground 

state.46 The basis for this bonding character was well-characterized, and arises from the 

prediction that I:(nl) states derived from excited electronic configurations possess a partial 

positive charge within the ionic core. 1 At large internuclear distances, a rare gas molecule 

sees only the excited electron along the internuclear axis, causing the observed repulsive 

character at large internuclear distances. If, however, the rare gas molecule can penetrate 

into the electronically excited metal orbital, it can begin to "feel" some of the partial 

positive charage within the ionic core, introducing a partial ion-induced dipole interaction. 

The strength of this interaction can induce a region of stability to form within the 

principally repulsive potential. Increased penetration, however, will at some point result in 

repulsive behavior once again as the rare gas molecule begins to penetrate into the valance 

orbitals of the metal. Whether the 2I:+ vz(3d) potential indeed has such a bound region, and 

if so whether it can support a bound vibrational level, has not been characterized. The 

presence of the peak labeled by S that was evident in both single- and two-photon spectra 

suggested that the 2I:+ 112(3d) may have possessed at least quasi-bound levels near the 

region of the curve crossing with the 2flv2( 4p) state. 
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3. 6.2. Spectroscopic Region Below the Al(3d)•Ar Dissociation Limit 

3.6.2.l . 2 II112(3d) , 2 Ik12(3d), and 2 A(3d) Electronic States 

The spectral assignments proposed by Morse and co-workers for the 2TI(3d), 

2TI(4p), and 2!:i.(3d) states below the A1(3d)•Ar disociation limit have been re-evaluated.36 

In contrast to the previously reported spectrum that assigned the 2TI(3d) and 2~(3d) states 

as the primary spectral progressions from 32420 cm-1 to the Al(3d)•Ar dissociation limit, 

the 2II112(3d) and 2Il312(3d) states are now believed to give rise to much of the observed 

spectral behavior in this region. Other peaks were indeed present, but their appearance 

was believed to derive either directly or indirectly from electronic interactions with these 

two states. 

The most prominent spectral characteristic within this region was the 2TI112(3d) 

progression labeled by the letter Y shown in Figure 3-6. At first inspection, this 

progression appeared to be fairly regular, except for some irregularities in the transition 

intensities near where peaks Y3 through Y5 appeared. Closer inspection of this spectral 

region, however, revealed a striking discontinuity in the vibronic spacing of this 

progression. A Birge-Sp oner analysis of this progression both before and after this 

discontinuity produced evidence for two distinct regions of curvature within the 2II112(3d) 

potential. This irregularity has been attributed as being at least partially due to an avoided 

curve crossing between the 2II 112(3d) and 2TI112(3d) electronic states in the region between 

peaks Y3 through Y5. The only other perceptible deviation in the 2TI112(3d) state apparent 

from the Birge-Sponer plot occurred at peak YI I . This peak exhibited a small blue-shift, 
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a fact that has been rationalized as being the result of a vibronic perturbation from the 

immediately adjacent peak labeled A 7 - a substantially mixed 2Il112( 4p) / 21:+ 11i(3d') 

vibronic feature. 

The exact nature of the 2II112(3d'J state was somewhat an enigma due to several 

characteristics that were difficult to explain within the context of a single coherent model. 

At least initially, the results of the ab initio calculations were highly suggestive of the fact 

that the true nature of this potential was that of a double-well. In particular, the calculated 

151 cm-1 electronic coupling between the 2II(3d'J and 2II( 4p) states was greater than the 

experimentally observed zero-point dissociation energy of roughly 140 cm·1 for the 

2II112(3d) state itself, indicative of a strongly-mixed adiabatic potential. If this were in fact 

the case, then the region between Y3 and Y5 would have been expected to lie near the top 

of the "hump" of a double well. In tum, the 151 cm·1 calculated adiabatic coupling would 

have served to push the upper adiabatic potential curve well above the Al(3d)• Ar 

dissociation limit. As a result, the upper vibronic levels of the 2Il112(3d) progression, 

namely those above peak Y5, would have arisen from a broad potential whose inner 

turning point derived from the 2II( 4p) state while the outer turning point derived from the 

2II(3d) state. 

In an attempt to gauge the plausibility of a double-well potential, the behavior of a 

well-characterized double-well potential, the E,F electronic state ofH2, was closely 

examined. The double-well nature of the E,F state arises from a strongly avoided crossing 

between the (ls2s) 11:/ and (2pcru)2 11:/ states, resulting in a strongly-coupled adiabat. 48
-
58 

This spectrum manifested much of the qualitative behavior expected for a double-well 
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potential. Below the region of the hump, the observed vibronic levels displayed vibronic 

spacings characteristic of the potential from which each individual potential arose. Above 

the hump region, however, one would have expected to observe a more narrow vibronic 

spacing, approximately half that exhibited by either of the two individual diabatic states. 

This was, in fact, what was generally observed in the case of the H2 E,F state - the much 

flatter region above the hump giving rise to a significantly reduced vibronic spacing 

compared to the region below the hump. 

In the case of the Al•Ar 2II112(3d) state, such pronounced behavior was not 

observed. Above the putative curve crossing between the 2II112(3d) and 2!1112( 4p) states, 

the vibronic spacing, while derived from a potential of lesser curvature, was nonetheless 

very close to what would have been expected in the absence of any perturbation. In other 

words, no evidence for a dramatic change in vibronic spacing was observed, merely a 

disruption of the progression near the crossing region. Such an observation argued 

persuasively against adiabatic double-well character in the 2II112(3d) state, suggesting 

instead that whatever the electronic nature of the perturbation occurring in the crossing 

region, it was highly localized. 

One observation that was somewhat puzzling in light of the above discussion was 

the observed significant two-photon character of the 2I1112(3d) vibronic levels. More 

specifically, there appeared to be a marked disparity in the two-photon character of the 

2II112(3d) potential energy profile that originated from the two distinct regions of 

curvature. The lower vibronic levels of the 2II112(3d) potential, that region characterized 

by the higher degree of curvature, all possessed considerable two-photon character. This 
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became especially pronounced close to the 2II112(3d) I 2IIvi( 4p) crossing region. Above 

the crossing region, however, the opposite behavior was observed. Peaks Y6 through 

Yl5, those 2IIvi(3d) vibronic levels constituting the upper region of the potential that 

exhibited the lesser degree of curvature, all appeared to possess little or no two-photon 

character. The precise origin ofthis behavior was puzzling. Intrinsically, there was no 

reason to expect that those vibronic levels above a curve crossing region should be mixed 

to a lesser degree than those below the curve crossing region. The most likely explanation 

was that above the 2I1112(3d) I 2II112( 4p) curve crossing, the 2I1v2( 4p) state was still a 

strong admixture of 2II112( 4p) and 2
}:+ 112(3d) electronic character. The high degree of 

2
}:\12(3d) electronic character in the 2II112(4p) state would have served to limit the two­

photon character of the latter while augmenting single-photon character of any vibronic 

levels arising from the 2IIvi(4p) state. This was apparently what was observed, since 

peaks A 7 and A8 appear quite strongly in the single-photon spectrum. In contrast, 

vibronic levels from the 2II112(3d) state in the upper region of curvature were barely 

evident above the 2II112(3d) I 2I1 112(4p) curve crossing region in the two-photon spectrum. 

A second progression observed within this spectral region, labeled by the letter Z 

in Figure 3-6, has been assigned as the vibronic levels arising from the 2Il312(3d) state. The 

observed intensities of these features were significantly weaker than those assigned to the 

2I1v2(3d) state. The low intensity of the 2II112(3d) state relative to the 2II112(3d) state in 

the single-photon l 'uv + lvis RE:tv1PI spectrum can be most readily attributable to 

dominant Hund's case (a) character in the 2II(3d) electronic manifold. In strict Hund's 

case (a), only the 2II112(3d) ~ JG 2II112(3p) transitions would have been observed due to 
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the strict L\.L = 0 selection rule. The fact that a weak 2Il31i(3d) progression was observed 

suggested that the 2TI(3d) electronic manifold was predominantly described by Hund's 

case (a), in which partial Hund's case (b) character was mixed. Such behavior was 

consistent with the rotational constants of the Al• Ar molecule. The ground state of Al• Ar 

possessed a rotational constant, Bo, of 0.07 cm-1, and the expected 2TI112(3d) state 

rotational constant will be slightly smaller. At high rotational values, the energy difference 

between BJ becomes comparable to the spin-orbit energy difference expected from the 

2TI(3d) states given the atomic spin-orbit splitting of 1.34 cm-1. Hence, some Hund's case 

(b) character in the 2I131i(3d) state was expected, accounting for the observed disparity in 

intensity between the 2TI112(3d) and 2I1312(3d) states. 

One unusual feature of the assigned 2I1112(3d) and 2TI312(3d) states was the large 

spin-orbit splitting. In particular, the observed spin-orbit splittings between 4 - 5.5 cm-1 

were significantly larger than expected given the splitting of 1.34 cm-1 between the 

2TI112(3d) and 2TI312(3d) asymptotes. While such splittings were consistent with the 

predominant Hund's case (a) character apparent from the relative intensities of the 

2TI 112(3d) and 2TI312(3d) states, the fact that the magnitude of the splitting exceeds that of 

the atomic asymptotes was indicative of some secondary effect presently unaccounted for. 

Furthermore, examination of Table 3-7 revealed that except for the Z3-Y3 splitting, the 

spin-orbit splittings between the 2I1112(3d) and 2I1312(3d) states appeared to increase with 

decreasing vibrational quantum number. 

In spite of such apparently anomalous behavior, such a trend has, in fact, been 

previously observed in several M•Ar systems, in particular Mg(3s3dn 3D1)•Ar(3I1),6 
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Na(3pn 2PJ)•Ar(2TI),44 and Mg+(3s4p 2PJ)•Ar(2TI).45 Three lines of argument have been 

invoked to account for this behavior. The first of these involves an augmentation in spin­

orbit character gleaned through state mixing between a state exhibiting a small spin-orbit 

energy difference with another state of inherently greater spin-orbit character. In the case 

of the Mg(3s3dn 3DJ)•Ar(3TI) state,6 the observed 5 - 6 cm-1 spin-orbit splittings were 

unexpected due to sub-wavenumber atomic asymptotic splittings suggestive ofHund's 

case (b) character. Strong electronic mixing in the region of re with a lower energy, close­

lying diabatic Mg(3s4pn 3PJ)•Ar(3TI) state was postulated to partially account for the 

augmented spin-orbit coupling. By direct analogy, state mixing between the 2TI 11i(3d) and 

2TI312(3d) states with the 2I1112( 4p) and 2TI312( 4p) states could provide a mechanism by 

which greater spin-orbit coupling is introduced. Due to the 15 .83 cm-1 splitting between 

the 2I1112(4p) and 2I1312(4p) atomic asymptotes, partial state mixing between the 2II(3d) 

and 2Il( 4p) states could serve to increase the observed 2Il112(3d) - 2Il312(3d) splitting. 

Nevertheless, it is doubtful whether this was the best explanation in the case of 

Al• Ar. If state mixing were to completely account for this increased splitting, the energy 

differences between 2TI112(3d) and 2TI312(3d) vibronic components would be expected to 

become larger closer to the crossing region with the 2TI112(4p) and 2Il312(4p) electronic 

states. In general, this was not observed except in the last two spin-orbit doublets that 

exhibited a slight increase in the energy difference close to the curve crossing region. 

An alternative explanation that has been invoked to explain anomalously large 

spin-orbit splittings in the Na(3pn 2PJ)•Ar(2TI)44 and Mg+(3s4p 
2PJ)•Ar(2TI)45 systems 

involved the possibility for partial electron delocalization to the argon atomic moiety. 
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With increasing electronic excitation, the excited electron becomes more and more 

Rydberg-like, effectively decoupling from the ion core. Such a decoupling allows for the 

possibility for electron delocalization along the internuclear axis joining the two atomic 

moieties. In essence, electronic excitation within the metal atom offers the possibility of 

delocalizing very small fractions of electron density onto the argon binding partner. Due 

to the very large spin-orbit difference in the argon atom ground state of approximately 

1000 cm-1
, 
60 the electronically-excited electron on the aluminum moiety need only very 

weakly couple to the argon nucleus to experience a large increase in apparent spin-orbit 

character. 1 For the magnitude of the observed spin-orbit splittings, only a O. 5% fractional 

coupling of the aluminum electron density to the argon nucleus would be sufficient to 

account for the increased spin-orbit character of the 2TI112(3d) and 2Il312(3d) states. 

A third and final possible explanation also involved state mixing. However, in 

contrast to the first rationalization where state mixing served to increase the spin-orbit 

character of both 2TI112(3d) and 2TI312(3d) states, selective state mixing between one of the 

two 2II(3d) states with some other state is also possible. The end result of such a 

coupling would result in an apparent augmented spin-orbit coupling when in fact the 

aluminum atomic moiety could remain predominately Al(3d) in character. In other words, 

a curve crossing to the blue of a given 2TI112(3d) / 2TI312(3d) vibronic level that selectively 

coupled to the 2TI112(3d) state could cause a red-shift in this band, giving the appearance of 

an augmented spin-orbit coupling. The inverse scenario with the 2Il312(3d) state would 

have an identical effect. 

One possible candidate for such an effect would be state mixing between the 
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2 /:i312(3cf) state with the 2IT312(3cf) state. Due to the substantial zero-point dissociation 

energy of 663. 5 cm-1 found as a result of this work, the 2 !i(3cf) state was expected to 

possess an equilibrium bond distance that was significantly shortened relative to the 

2IT(3cf) states that were bound by only 140 cm-1. In this situation, it would be reasonable 

to conclude that the outer turning point of the upper vibronic levels of the 2 !i(3cf) states 

lay near the outer turning points of the 2IT(3cf) potentials. Since the 2 !i(3cf) states were 

more strongly bound, this implied that the 2 !i(3cf) potentials might interact with the 2IT(3cf) 

potentials either along the outer wall of the 2I1(3cf) potentials or near the minima of the 

potential energy well. Such qualitative behavior was supported by the preliminary ab 

initio results that demonstrated a crossing between these two potentials close to the 

dissociation limit. 46 Nevertheless, given the dramatically underestimated bond strengths 

for both the 2 !i(3cf) and 2IT(3cf) states, this crossing could have, in reality, lay much lower 

along the 2I1(3cf) potential outer wall. 

Using the same arguments presented above to describe the nature of the coupling 

between the 2II112( 4p) and 2I+ 112(3cf) states, non-zero off-diagonal matrix elements of the 

spin-electronic interaction between the 2 !i312(3cf) and 2I1312(3cf) electronic states were 

possible. The 2 /i312(3cf) electronic state is described by the I A = 2, I = -1/2, Q = 3/2 > 

electronic configuration, while the 2IT312(3cf) is described by I A= 1, I= 1/2, Q = 3/2 >. 

The off-diagonal selection rules - !iA = +;_1 , !iI = -/+l, /iS = 0 and tin= 0 - designate that 

coupling between these states was allowed, although the magnitude of the coupling was 

difficult to estimate in the absence of a high level electronic structure calculation that 

explicitly accounts for the effects of spin-orbit coupling. 
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Both the single- and two-photon spectra provided provisional evidence for a state 

mixing interaction between the 2 /i312(3d') and 2TI3!2(3d') electronic states. Directly adjacent 

to the blue of the 2Il312(3d') 0-0 and 0-1 vibronic features were two features whose 

presence was difficult to assign to any previously discussed electronic state. These 

features, labeled D 10 and D 11 in Figures 3-6 and 3-7, have been assigned as tentative 

vibronic features of the 2 li312(3d') potential to the red of the 2 /i(3d') vibronic features 

assigned previously by Morse and co-workers.36 

The appearance of these peaks was rationalized as deriving from a state mixing 

interaction between the 2 li312(3d') and 2TI312(3d') electronic states near the minimum of the 

2TI312(3d) potential energy profile. Both peaks D 10 and D 11 were believed to possess 

negligible Franck-Condon intensity on the diabatic 2/i(3d') potentials due to poor overlap 

with the 0-0 vibronic band of the ground state. State mixing with the 2TI312(3d) electronic 

state near its minimum point would have undoubtedly caused large variations to the 

electronic wavefunctions as well as transition dipole matrix elements of both electronic 

states in the near vicinity of the interaction region. The appearance of peaks D 10 and 

D 11, then, was presumably due to mixing with the 2TI312(3d) electronic wavefunction that 

clearly lay within the Franck-Condon region given the strong intensity of the 2Til/2(3d) 

vibronic bands that lay in the near vicinity. 

This assignment of peaks D 10 and D 11 as arising from the 2 /i312(3d') electronic 

state was consistent with a number of additional qualitative criteria. Foremost, both peaks 

lay close to the next expected vibronic features of the 2/i312(3d') progression derived from 

extrapolation from the Birge-Sponer plot. Likewise, both peaks demonstrated small 
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blue-shifts, consistent with the notion of a state mixing interaction near the bottom of the 

2I13;2(3d) potential energy well. The observed blue-shifts of peaks D10 and DI 1 relative 

to the predicted peak positions are approximately 10.6 cm-1 and 6.0 cm-1 respectively. 

The relative magnitude of the blue-shifts was in accordance with the notion that the 

interaction region occurred closer to the D 10 vibronic band. Furthermore, the band 

contours of peaks D 10 and D 11 resembled those of the other 2 /1(3d) vibronic features by 

being shaded to the blue. Vibronic features arising from the 2TI(3d) or 2II( 4p) electronic 

states differed in that they appeared shaded to the red. 

The possible existence of a state mixing interaction between the 2 /1312(3d) and 

2I1312(3d) electronic states near the bottom of the 2I1312(3d) potential well could also 

explain several characteristics of the 2I1312(3d) vibronic bands. First, the apparent increase 

in spin-orbit coupling may not be due to mixing of Al( 4p) orbital character into the Al(3d) 

orbitals, but a selective blue-shift of the 2I1312(3d) vibronic levels relative to those of the 

2II112(3d) state. The increasing energy difference between 2I1112(3d) and 2I13;2(3d) 

vibronic levels with decreasing vibrational quantum number was also consistent with this 

picture. With an interaction region near the minima of the 2TI312(3d) state, the lowest 

vibronic levels would have been expected to exhibit larger red-shifts. 

A state mixing interaction can also be invoked to speculate about the observed 

intensity pattern of the 2II312(3d) vibronic levels. If the 2I1(3d) state were principally 

Hund's case (a) in character, one would expect negligible transition intensity to be 

observed from the 2TI312(3d) electronic state. State mixing with the 2 /1312(3d) potential may 

have a local effect on the transition intensities of the 2I1312(3d) state by relaxing the strict 
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2TI112(3d) ~ Xi 2TI112(3p) selection rule in Hund's case (a). Since AA= 1, A.Q = 0 

transitions are allowed in Hund's case (a), this mixing may serve to permit an otherwise 

negligible transition to become detectable. The fact that the transition intensities 

decreased rapidly away from the putative interaction region lent further credence to such a 

picture. The magnitude of the coupling should decrease rapidly away from the crossing 

region, quenching the transition intensity in the 2TI312(3d) state with increasing vibrational 

quantum number. 

Whether or not a state mixing interaction between the 2 A312(3d) and 2TI312(3d) 

states does indeed exist, such a picture presented a means to further understand the origin 

of the presumptive enhanced curvature of the 2TI(3d) state in the lower region of the 

potential well. In the absence of the 2 d312(3d) / 2TI312(3d) interaction, it is difficult to 

reconcile the increased curvature of the lower 2Tiv2(3d) vibronic region as being due solely 

to a curve crossing with the 2TI112( 4p) state. If, however, we include interactions that 

might arise due to an additional interaction between the 2 A(3d) and 2IT(3d) states, this 

enigmatic aspect became less puzzling. Both the 2 A(3d) / 2II(3d) and 2TI(3d) / 2TI( 4p) 

interaction regions occurred at different points along the 2II112(3d) potential. The former 

would be expected to occur on the outer turning point region of the 2II112(3d) potential, 

while the latter influences the inner region. The presence of a 2 A(3d) I 2TI(3d) interaction 

near the minimum of the 2TI(3d) potential well would have provided an additional source 

of localized adiabatic character to explain the apparently greater curvature observed in the 

lower regions of this potential. 

While the previous assignment by Morse and co-workers of the 2A(3d) progression 
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was correct, 36 the reported 0-0 vibronic level has been found to be incorrect. Two 

additional vibronic levels were found over the course of this work below the reported 0-0 

level. Both of the newly discovered features match well on a Birge-Sponer plot with 

those features reported by Morse and co-workers.36 The apparently significant deviation 

of the 0-1 2 fl.(3d) band was presumably due to the high harmonic character of the 2 fl.(3d) 

potential near the minimum of the potential well. With the newly discovered 0-0 vibronic 

band, a revised experimental 2 fl.(3d) D0 value of 663 . 5 cm-1 was obtained. 

3. 7. Conclusion 

This work provided the first complete characterization of the Al•Ar electronic 

manifolds arising from the Al(3d)• Ar and Al( 4p )• Ar electronic configurations, with the 

exception of the 2I:\12(4p) state that is the subject of Chapter 4. Both l 'uv + lvis REMPI 

as well as 2vis + lvis REMPI have been employed to probe the Al(3d)•Ar and Al(4p)•Ar 

manifolds, both extending and re-evaluating the single-photon work reported previously 

by Morse's group on the Al(3d)•Ar states. A definitive assignment of the observed 

spectral features was difficult due to the substantial complexity arising from the presence 

of several potential energy curve crossings. While the work reported herein represents the 

the most plausible assignment based on the presently available spectral resolution of the 

individual vibronic features, it is not definitive. A systematic dissection of each observed 

vibronic level with rotational resolution is required if the true electronic character of each 

of the features is to be understood with certainty. 
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TABLE 3-1: Summary of 2TI112(4p) +-X1 
2I1112(3p) and 

2TI3,2(4p) +-X1 
2TI112(3p) Vibronic Features 

Observed Above the Al(3d)• Ar Dissociation Limit 

Using 2vis + lvis Two-Photon Excitation. 

2I1112(4p) 
Label 

Al 

A2 

A3 

A4 

A5 

A6(Broad) 

2I1312(4p) Other Al•Ar+ 
Label Label Channel (cm-I) 

32890 

B2 32862 

32848 

B3 32816.5 

32803 .7 

Xl 32775.5 

B4 32765.7 

32753.5 

B5 32708.0 

32697.0 

B6 32652.2 

---------

X2 32587.0 

B7 32572.9 

s 32618.4 

Legend: A#= 2I1I/2(4p) ~ X1 
2I1112(3p) Transition 

B# = 2fh12( 4p) ~ X1 
2I1112(3p) Transition 

Al+ Fragment 
Channel (cm-I) 

---------

---------

32848 

32817.2 

32803.3 

32777.0 

32765.0 

32752.7 

32706.4 

32695.3 

32651.0 

32626 max. 

32586.5 

32572.0 

---------

S# = 2~\12(3d) ~ X1 
2ITI12(3p) Related Feature (Tentative) 

X# = Unassigned Feature 
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TABLE 3-2: Summary of 2TI31i(4p) - 2TI112(4p) Spin-Orbit Splittings 

to the Blue of the Perturbed Region above the 

Al(3d)• Ar Dissociation Limit. 

Vibronic Levels 

B2-A2 

B3-A3 

B4-A4 

B5-A5 

LIB.so (cm·1) - Taken from Al•At Channel 

14 

12.8 

12.2 

11.0 

Atomic aluminum 2P312(4p) - 2P312(4p) LIB.so= 15.83 cm·1 
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TABLE 3-3: Predicted 2TI112(4p) Vibronic Bands Above and Below the 

Al(3d)• Ar Dissociation Limit Derived by Linear 

Extrapolation from Peaks A2, A3, A4, and AS and a 

Comparison to the Observed Experimental Values. 

Vibronic Band 
Difference 

A2-A3 

A3-A4 

A4-A5 

A5-A6 

A6-A7 

,1£ 

(cm-1) 

44.3 3 

50.23 

56.Sa 

62.5 

68.6 

Predicted Vibronic 
Band Position ( cm-1) 

32634 (A6) 

32566 (A7) 

Experimental Vibronic 
Band Position ( cm-1) 

32548 (A7l 

!-1(3d)• Ar Dissociation Limit _____________________________________ _ 

A7-A8 

A8-A9 

74.7 

80.8 

a Observed Experimental Value 

32491 (A8) 

32410 (A9) 

b Assigned as Below Al(3d)• Ar Dissociation Limit 

32502 (A8) 
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TABLE 3-4: Predicted 2I1312(4p) Vibronic Bands Above and Below the 

Al(3d)• Ar Dissociation Limit Derived by Linear Extrapolation 

from Peaks B2, B3, B4, and B5 and a Comparison to the 

Observed Experimental Values. 

Vibronic Band M: 
Difference (cm-1) 

B2-B3 45.53 

B3-B4 50.83 

B4-B5 57.73 

B5-B6 63.5 

B6-B7 69.6 

Al(3d)• Ar Dissociation Limit 

Predicted Vibronic 
Band Position ( cm-1) 

32644 (B6) 

32575 (B7) 

Experimental Vibronic 
Band Position (cm-1) 

32652 (B6) 

32572 (B7) 

---------------------------------------------------------

B7-B8 

B8-B9 

75.7 

81.8 

3 Observed Experimental Value 

32499 (B8) 

32417 (B9) 
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TABLE 3-5: Summary of the 2I1112(3d) ~ X1 2TI112(3p) Vibronic Features 

Observed Up to the Al(3d)• Ar Dissociation Limit. 

Label Single-Photon Excitation ( cm-1
) Two-Photon Excitation ( cm-1)3 

YO 32420.0 32420.7 

Yl 32440.9 32436.2 

Y2 32458.0 32458.7 

Y3 32472.3 32472.9 

Y4 32484.4 32485.6 

Y5 32495.4 32496.4 

Y6 32507.5 32508.6 

Y7 32517.2 32518 .2 

Y8 32526.0 ---------

Y9 32533 .9 32534.4 

YIO 32540.5 32541.8 

Yll 32545 .5 ---------

Y12 32551.0 ---------

Y13 32554.1 ---------

Y14 32556.4 ---------

Y15 32557.7 ---------

a Due to the spectral breadth of many of the two-photon vibronic features, the 

reported peak positions should be considered accurate to within± 0.5-1.0 cm-1. 

Note: All reported vibronic bands from the single-photon excitation spectrum 

were calibrated against the atomic Al(3d) ~ A1(3p) transitions 

2D312 ~ 2P112 at 32435.45 cm-1 

2D512 ~ 
2P312 at 32324.75 cm-1 

2D312 ~ 2P312 at 32323.41 cm-1 

and are accurate to within± 0.11 cm-1. 
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TABLE 3-6: Summary of the 2Il312(3d) ~ X1 
2TI112(3p) Vibronic Features 

Observed Up to the Al(3d)• Ar Dissociation Limit. 

Label Single Photon Excitation ( cm-I) Two-Photon Excitation (cm-IY 
zo 32425.5 32425.8 

Zl 32445.8 32440.9 

Z2 32461.9 32463 .0 

Z3 32476.4 32477.2 

a Due to the spectral breadth of many of the two-photon vibronic features, the 

reported peak positions should be considered accurate to within± 0.5-1.0 cm-I . 

Note: All reported vibronic bands from the single-photon excitation spectrum were 

calibrated against the atomic Al(3d) f- Al(3p) transitions 
2D312 f-

2PI12 at 32435.45 cm-I 

2D512 f- 2P312 at 32324.75 cm-I 

2D312 f-
2P312 at 32323.41 cm-I 

and are accurate to within± 0.11 cm-I_ 
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TABLE 3-7: Summary of the 2I1112(3d)- 2Il312(3d) Spin-Orbit Splitting. 

Vibronic Levels mso (cm"1
) 

Z0-Y0 5.5 

Zl-Yl 4.9 

Z2-Y2 3.9 

Z3-Y3 4.1 
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3.9. Figure Captions 

Figure 3-1 Resonant multi photon excitation schemes employed during the course of the 

experiment. The left-hand side shows the l 'uv + lvis two-color multiphoton 

ionization (N.[E>I) methodology used to probe electronic states of 

predominantly Al(3d)• Ar character. The right-hand side shows the 2vis + lvis 

single-color N.[E>I methodology used to probe electronic states of 

predominantly Al( 4p )• Ar character. 

Figure 3-2 2vis + lvis single-color multiphoton ionization (N.[E>I) spectra obtained above 

the Al(3d)•Ar dissociation limit at 32557.8 cm-1
. At the top is the spectrum 

obtained by monitoring the Al•Ar+ ion signal, while the bottom spectrum 

shows the Al+ ion fragment signal recorded over the same spectral region. 

Peaks labeled by A# or B# correspond to transitions from the 2I1v2(3p) 

ground state to the 2I1v2(4p) and 2I13;2(4p) electronic states respectively. 

Figure 3-3 l 'uv + lvis two-color multiphoton ionization (N.[E>I) spectra obtained above 

the Al(3d)•Ar dissociation limit at 32557.8 cm-1 by monitoring the Al•Ar+ 

ion signal. The presumed location of the 2I1112(4p) vibronic band obscured 

in the 2vis + lvis single-color N.[E>l spectra is labeled as A6. 

Figure 3-4 l 'uv + lvis two-color multiphoton ionization (N.[E>I) spectrum obtained above 

the Al(3d)•Ar dissociation limit at 32557.8 cm-1 by monitoring the Al+ ion 

fragment signal. Peaks labeled by A# or B# correspond to the nominally 

single-photon forbidden electronic transitions from the 2I1112(3p) ground 

state to the 2I1112(4p) and 2I1312(4p) electronic states respectively. 

Figure 3-5 Comparison of the 2vis + lvis single-color multiphoton ionization (MPI) 

spectrum (top) and l 'uv + lvis two-color N.[E>l spectrum (bottom) obtained 

below the Al(3d)•Ar dissociation limit at 32557.8 cm-1 by monitoring the 

Al• At ion signal. Peaks labeled by 0# in the 2vis + lvis MPI spectrum 

correspond to unidentified spectral features. 
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Figure 3-6 l 'uv + lvis two-color multiphoton ionization (1,fPI) spectra obtained below 

the Al(3d)•Ar dissociation limit at 32557.8 cm-I by monitoring the Al•Ar+ 

ion signal. Peaks labeled by Y#, Z#, and D# have been assigned to 

transitions arising from the 2fl 11i(3p) ground state to the 2fl 11i(3d), 

2IT312(3d), and 2 f:i(3d) electronic states respectively. Also shown are the 

putative 0-0 and 0-1 vibronic levels of the 2ITI12( 4p) electronic state labeled 

by A8 and A7 respectively. 

Figure 3-7 2v;s + lvis single-color multiphoton ionization (1,fPI) spectra obtained below 

the Al(3d)•Ar dissociation limit at 32557.8 cm-I by monitoring the Al•Ar+ 

ion signal. Peaks labeled by Y#, Z#, and D# have been assigned to 

transitions arising from the 2ITI12(3p) ground state to the 2ITI!2(3d), 

2IT312(3d), and 2 f:i(3d) electronic states respectively. Also shown are both 

the putative 0-0 and 0-1 vibronic levels of the 2fl 112( 4p) electronic state 

labeled by A8 and A7 respectively, as well as the putative 0-0 and 0-1 

vibronic levels of the 2fl312(4p) electronic state labeled by B8 and B7 

respectively. 

Figure 3-8 Birge-Sponer plot of the vibronic progression arising from the 

2ITil2(3d) ~ X1 
2flll2(3p) transitions (YO through Y15) . 

Figure 3-9 Birge-Sponer plot of the lowest four vibronic transitions (YO through Y3) 

between the 2fl 112(3p) ground state and the 2fl 112(3d) electronic state below 

the presumptive 2flll2(3d) I 2ITll2(4p) curve crossing region. 

Figure 3-10 Birge-Sponer plot of the upper vibronic transitions (Y7 through Yl5) 

between the 2IT112(3p) ground state and the 2ITil2(3d) electronic-state above 

the presumptive 2IT112(3d) / 2IT112(4p) curve crossing region. 

Figure 3-11 Comparison of the peak contours for both 2ITI/2(4p) vibronic levels (A8 and 

A 7) assigned below the Al(3d)• Ar dissociation limit. 
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Figure 3-12 New vibronic levels attributed to the 2/1(3d) electronic state to the red of the 

previously assigned 0-0 2/1(3d) vibronic level by Morse and co-workers.36 

( a) the new 2 /1(3d) 0-0 vibronic band. (b) the new 2 /1(3d) 0-1 vibronic band. 

Figure 3-13 Birge-Sponer plot for the 2/1(3d) electronic state including the newly 

discovered 0-0 and 0-1 vibronic bands together with those previously 

reported by Morse and co-workers. 36 

Figure 3-14 The Al•Ar ground state 2II(3p) and 2L+(3p) potential energy curves derived 

from the calculations by Jeff Sheehy. 46 

Figure 3-15 The Al•Ar first excited state B 2L+(4s) potential energy curve derived 

from the calculations by Jeff Sheehy. 46 

Figure 3-16 Potential energy curves arising from the A1(3d)•Ar and Al(4p)•Ar electronic 

manifolds from the calculations by Jeff Sheehy. 46 Note that spin-orbit 

effects have been neglected, so three electronic states - 2 /1(3d), 2Il(3d), and 

2L+(3d) - converge to the Al(3d) + Ar asymptote, and two electronic states -

2II( 4p) and 2L\ 4p) - converge to the Al( 4p) + Ar asymptote. 
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Figure 3-11 
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Figures 3-12a and 3-12b 
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CHAPTER4 

Characterization of a Direct Two-Photon 

Bound➔Continuum Transition Between 

the X 1 
2II112(3p) Ground State and the 

2L+112(4p) Excited State of Al•Ar 
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4.1 Introduction 

The electronic spectroscopy of the Al•Ar van der Waals molecule has been the 

subject of numerous investigations over the years. I-4 In particular, bound➔bound single­

photon allowed transitions originating from the ground 2II112(3p) electronic state have 

been extensively characterized up to the ionization limit. 1
-4 Nevertheless, two key facets 

of Al•Ar spectroscopy have remained unexplored during the course of the past work, 

namely the characterization of 1) bound➔continuum transitions arising from ground state 

to excited Al• Ar electronic configurations and 2) two-photon allowed transitions from the 

ground 2II 112(3p) electronic state to the excited Al(np)•Ar (n > 3) manifolds. 

The first experimental example of a bound➔continuum transition in the Al• Ar van 

der Waals system was reported in Chapter 3 of this thesis as a result of the systematic 

examination of the electronic states derived from the Al(3d) + Ar and Al( 4p) + Ar 

asymptotes. A substantially broadened, single-photon allowed 2I:\n(3d) ~ 2II112(3p) 

transition lying approximately 70 cm-1 above the Al(3d)• Ar dissociation limit was 

prominently observed in the aluminum atom fragmentation channel. Such spectral 

behavior was highly indicative of a direct Franck-Condon transition to a repulsive region 

of the upper potential, followed by rapid dissociation of the excited state complex. 

Preliminary ab initio calculations performed in collaboration with Jeff Sheehy (see Section 

3.5.3. in Chapter 3) supported the notion that the potential was mostly repulsive, although 

slight bonding character of 125 cm-1 was predicted near 3.4 A - a region that nevertheless 

lay above the Al(3d)• Ar dissociation limit. 5 However, evidence of a curve crossing 

between the 2II112(4p) and 2I:\n(3d) potential energy curves precisely in the Franck-
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Condon allowed region of the 2I/ 112(3d) potential hindered a quantitative simulation of the 

dissociative peak profile, rendering a comprehensive comparison between the predicted 

theoretical and experimental peak profiles unattainable. 

Prior to the work presented in Chapter 3 of this thesis, no direct observation of an 

allowed two-photon transition in the Al• Ar molecule had been reported. During the 

course of characterizing all single-photon allowed transitions in Al• Ar from 31000 cm·1 up 

to the ionization limit, Morse and co-workers tentatively assigned two progressions as 

arising from the 2Il( 4p) and 2Il( 6p) electronic states. 4 Detection of these two nominally 

electric dipole forbidden transitions was rationalized by invoking electronic state mixing 

interactions - the former state arising due to interactions with the 2Il(3d) state and the 

latter arising due to interactions possibly with the 2Il(5.f) or 2/1(5.f) states. However, the 

results of the single- and two-photon spectroscopy performed on the Al(3d)• Ar and 

Al( 4p )• Ar electronic states detailed in Chapter 3 demonstrated that the previous 

assignment of the 2Il( 4p) electronic state was incorrect, and a new assignment was 

proposed. Likewise, there remains some doubt as to the true nature of the progression 

presently assigned to the 2Il( 6p) electronic state due to considerable spectral congestion 

within the region in which the progression was observed. In the end, the conclusion that 

very little is presently known about the electronic spectroscopy of the excited Al( np )• Ar 

(n > 3) states would properly summarize the current state of affairs. 

While some information exists regarding two 2Il(np) electronic states, there has 

been no characterization to date of any transition from the ground 2IT112(3p) state to any 

excited 2I:\12(np) state in Al•Ar. As a consequence of the single- and two-photon 
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spectroscopy performed on the Al(3d)• Ar and Al( 4p )• Ar electronic states presented in 

Chapter 3, spectroscopic evidence for the 2L+ 112( 4p) state was sought. This chapter 

introduces the first spectroscopic evidence of a direct two-photon allowed 

bound➔continuum transition from the ground 2I1112(3p) state to the 2L+112(4p) state. This 

discovery represents the first report of a direct two-photon allowed bound➔continuum 

transition that originates from the ground state electronic manifold for any metal-rare gas 

van der Waals diatomic system. 

Electronic states of metal-rare gas van der Waals molecules possessing L-type 

symmetry are of fundamental interest due to the intrinsically complicated basis of the 

observed bonding, or, as is often the case, non-bonding behavior. In particular, states of I. 

symmetry often exhibit subtleties that render a detailed understanding of the electronic 

interaction difficult to infer at the most fundamental levels. By definition, L states in 

metal-rare gas systems arise from orbital configurations on the metal atom that serve to 

restrict the electron density of the valance or excited Rydberg electron along the 

internuclear axis.6•
7 Therefore, in contrast to electronic states manifesting higher degrees 

of orbital angular momentum, A, that serve to draw electron density away from the 

internuclear axis in orthogonal directions, bonding/non-bonding interactions in electronic 

states of L symmetry arise from a delicate balance between attractive and repulsive 

contributions to the diatomic potential. 

As a direct consequence of the high degree of electron repulsion between the metal 

valance or excited Rydberg electron and the closed-shell rare gas molecule, electronic 

states of L symmetry can often demonstrate primarily repulsive potentials. 8 Such a 
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generalization is especially true of L states that arise from metal atom electronic 

configurations whose atomic orbital angular momentum, l, is greater than or equal to one. 8 

Under these circumstances, electron density from the metal atom moiety is specifically 

oriented directly along the internuclear axis, resulting in higher degrees of repulsion than 

L(ns) states where the metal atom possesses a spherical electron distribution (l = 0). 

Although exceptions exist,9-
10 L(ns) states often demonstrate significant bonding character 

with the more polarizable rare gas species (Ar, Kr, Xe), since the weakly attractive (l/R6) 

van der Waals force can overcome the weak repulsion derived from the partial electron 

density produced by the diffuse, spherically symmetric s-orbital on the metal moiety.8 In 

the case of L(nl) (l ~ 1) states, however, the magnitude of the repulsive force often 

dramatically overwhelms the weak van der Waals attractive force, causing the potentials 

to exhibit often nearly exponential repulsive potentials. 6-
8 Although such potentials may 

exhibit very weakly bound potentials at very large internuclear distances, these regions are 

generally far from the Franck-Condon overlap region with the ground state equilibrium 

bond distance, thus rendering them effectively inaccessible by direct excitation from the 

ground state potential. 

Needless to say, as soon as one moves beyond these more extreme limiting cases 

of L(nl) state bonding or non-bonding behavior, a number of secondary interactions 

acquire considerable influence on the true shape of a given L(nl) potential. Most notably, 

theoretical calculations on L(nl) states manifolds quite often predict subtle inflections 

within the repulsive regions of the potential, sometimes to the extent-that the potential 

becomes almost flat over a small internuclear distance region. 11
-
13 These inflections can 
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occasionally become so pronounced as to generate a bound region nested within a 

principally repulsive potential. Such bound regions have been calculated to exist even 

above the nominal bond dissociation limit for the electronic manifold from which the 

particular 2'.(nl) state derives, resulting in a quasi-bound metastable region. 

Although the precise fundamental origin of these non-exponential curvature 

regions often lie concealed within the treatment of the electron correlation effects in a 

specific calculation, there are, nonetheless, two physical explanations that can be invoked 

to rationalize why such behavior should be evident. The first involves coupling between 

nearby electronic states with identical total angular momentum, n. Numerous calculations 

have demonstrated that the inclusion of a sufficient basis set is critical if proper potential 

shapes are to be obtained_ 11-
13 This is especially true of repulsive 2'.(nl) (/::: 0) states where 

higher lying 2'.(nl) states as well as nearby II(nl), ~(nl), etc., can significantly influence the 

final curvature of the potential. 

The second primary determinant of the curvature that specifically influences mostly 

L(nl) states arising from excited electronic configurations involves the degree to which a 

rare gas atom can penetrate within the outer Rydberg orbital. 8 In particular, with 

increasing electronic excitation within the metal atom moiety, the excited electron 

becomes more and more Rydberg-like - a fairly weakly bound electron orbiting around a 

partially-charged cationic core at large distances away from the nucleus. Since the region 

of highest electron probability density shifts further from the nucleus with increasing 

excitation, the rare gas atom can often lie partially within the regions of highest electron 

density - thus experiencing the partial positive charge at the nucleus. Under these 
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circumstances, the interaction between the metal atom moiety and the rare gas atom 

acquires significantly stronger bonding character due to the presence of partial ion-induced 

dipole forces that are considerably stronger than simple van der Waals forces. 8 

Furthermore, in the event that a metal and a rare gas atomic moiety encounter each other 

in such a way that the rare gas atom comes to lie near or at a nodal region of electron 

probability density on the metal atom, the bonding force for a I(nl) state can be 

substantial. 8 Such situations can result in the manifestation of a strongly bound, 

metastable region on an otherwise purely repulsive I(nl) state whose minima can lie either 

near or well above the nominal bond dissociation energy for the electronic manifold from 

which the particular state arises. 

A final influence on the shape of I(nl) state potential was recently discovered by 

Y amanouchi and co-workers during their optical-optical double resonance (OODR) 

studies of the singlet 1I+ Hg(ns 1S0)•Ne (n = 7-9) Rydberg series as well as the analogous 

triplet Rydberg series.9-
10 Rather unexpectedly, the results of these studies showed that 

the singlet states possessed a more strongly bound attractive interatomic potential that the 

triplet states - an observation clearly at odds with the fundamental tenets of Hund' s 

rules. 10 In order to rationalize these results, Y amanouchi and co-workers presented a 

novel hypothesis whereby a superexchange interaction was invoked that served to 

preferentially stabilize the singlet Rydberg states. The presumptive origin of the 

superexchange interactions derived from the notion that partial electron density from the 

filled 2pz orbital on neon can transfer to the 6s partially-ionic core of the mercury moiety 

due to the high Rydberg character of the excited electron. As a result of this partial 
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charge exchange, the electron spin alignment of the remaining 2pz electron density 

localized on the neon moiety becomes preferentially aligned parallel to the lone 6s electron 

within the mercury ionic core. For singlet states, the partial alignment of the electron 

density on the neon 2pz orbital becomes antiparallel to the electron spin on the excited 

Rydberg ns-electron (n = 7-9). Consequently, a superexchange interaction arises between 

the excited Rydberg electron and the non-orthogonal neon 2pz orbital. For the triplet 

states, however, the excited Rydberg electron is necessarily aligned parallel to the neon 

2pz orbital, effecting no superexchange interaction. The calculated stabilization was 

comparable to that observed in the singlet Rydberg series, a fact that is strongly supportive 

of the notion that superexchange interactions may be found to play an increasingly 

significant role in determining the absolute shapes ofl::(nl) potentials.10 

The only published example of a direct bound➔continuum transition from the 

ground state to an excited electronic configuration in a metal-rare gas system was reported 

by Dagdigian and co-workers. 14 Using a single-photon pump and laser induced 

fluorescence (LIF) and dispersed emission detection, Dagdigian and co-workers 

characterized the B 2L+(3s) ~ X 2111/2(2p) transition whose upper state potential was 

determined to be completely repulsive. Subsequent ab initio calculations performed by 

Alexander and co-workers confirmed the repulsive nature of the 2L\3s) potential, as well 

as providing the means to simulate the experimentally-derived dissociative peak contour 

(determined monitoring the free boron atomic fluorescence). 14 By employing primarily 

two highly correlated ab initio methods - multireference, internally-contracted, 

configuration interaction (MR.CI) and coupled cluster (UCCSD) with additional provisions 
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for the inclusion of higher-order excitations - reasonable agreement was achieved in the 

simulations with the experimental contour, especially at the MRCI + Q level of theory. 

4.2 Experimental 

The Al•Ar van der Waals molecule was generated by a standard laser ablation 

techniques. Following the opening of a piezoelectric pulsed valve, the pure Ar carrier gas 

(-8 - 10 atm. stagnation pressure) was injected into the third generation laser vaporization 

source described in Chapter 2. The tripled output of a Nd-YAG laser (Continuum Surelite 

1) was focused on the surface of a rotatable 2024 alloy aluminum rod that was positioned 

directly adjacent to the throat of the supersonic expansion. Following the supersonic 

expansion, the jet was skimmed by a 3 mm orifice diameter skimmer (Beam Dynamics), 

and introduced into the second differential pumping region. The 2L+ 112( 4p) electronic state 

was then ionized by three different methodologies. The first employed a 2vis + lvis single­

color multiphoton ionization scheme consisting of solely the fundamental output 

wavelength from a dye laser (Quante! TDL-51) pumped by the doubled output of a 

Nd:YAG laser (Continuum NY61-20). The laser dye Rhodamine 610 (Exciton) was used 

as a straight methanol solution for all the experiments presented in this chapter. The dye 

fundamental was tightly focused using a 150 mm focal length lens to drive the initial two­

photon excitation step. Dye fundamental power attenuation was achieved by passing the 

visible laser pulses through one to three sheets of stainless steel wire mesh. 

The second method used to probe the 2L\12(4p) electronic state was al 'uv + lvis 

resonant two-color multiphoton ionization scheme. The UV wavelength was generated by 
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:frequency-doubling the Rhodarnine 610 dye output from the TDL-51 dye laser using a UV 

extension system (UVX-3, Continuum) that was equipped with both DCC-3 and DCC-2 

doubling crystals (both purchased :from Continuum). The former crystal provided a 367 

nm - 295 nm UV tuning range :from while the latter permitted a UV tuning range :from 295 

nm to 265 nm. The 2L+112(4p) spectral feature lay within the blue extreme of the DCC-3 

crystal and the red extreme of the DCC-2 crystal, necessitating the exchange of the 

crystals over the UV spectral tuning range explored for this experiment. The visible 

ionization pulse was taken :from the residual undoubled dye fundamental that exits the 

doubling crystal coaxially with the UV laser pulse. Power attenuation of the UV laser 

pulse was accomplished by passing the beam through an UV absorbing stack of glass 

plates. 

The final manner employed to probe the 2L+ 112( 4p) state was 1 'uv + 1 'uv single­

color multiphoton ionization. To separate the UV light :from the residual dye fundamental 

that emerged coaxially from the doubling crystal, a Pellin-Broca prism was installed 

following the doubling stage. 

The atomic sodium D lines positioned (in air) at 589.5924 nm and 588.9950 nm 

were employed to calibrate the TDL-51 dye laser within the Rhodamine 610 dye 

fundamental tuning range. 15 To accomplish this calibration, the output from a sodium 

lamp was focused onto the entrance slits of a Jarrell-Ash 0.5 m monochrometer. The 

monochrometer grating was then adjusted to one of the two maximum intensity positions 

of the sodium D line transitions. After significant power attenuation1 the straight output 

of the dye laser was introduced through the monochrometer slits coaxial to the lamp input. 
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The dye laser grating was then adjusted until the output wavelength of the dye laser was 

coincident with one of the two sodium transitions. 

Following ionization, the clusters were extracted perpendicularly and mass­

analyzed by a standard 1 m Wiley-McLaren time-of-flight (TOF) spectrometer, 16 and 

detected by a chevron dual-microchannel plate detector. A typical TOF mass spectrum 

can be seen in Figure 2-101 in Chapter 2. Individual scans were recorded by gating the 

mass peak of interest with a gated integrator (SR-250, Stanford Research Systems). SIN 

was greatly improved by switching the laser vaporization Q-switch at half the repetition 

rate and using the gated integrator to subtract the pump background due to DP oil 

contaminant fragments (L V oft) from every signal shot (L V on). All spectra were power 

normalized for pump laser fluence as determined by separate power dependence scans 

(approximately a 2.5 power dependence for the 2vis + lvis mode, a 1.6 power dependence 

for the l 'uv + 1 'uv mode, and a linear power dependence for the 1 'uv + lvis mode). 

4.3. Results and Discussion 

4. 3.1. Experimental Spectra 

4.3.1.1. 2vis + lvis Spectra 

The 2L+ 112( 4p) -(- 2IIIl2(3p) transition is nominally electric dipole forbidden. 

Consequently, evidence of this transition was initially sought by monitoring both the 

Al• Ar+ and the Al+ dissociative channel using two-photon excitation- above the Al( 4p )• Ar 

dissociation limit near 33080 cm-1
. For clarity, it is important to note that the dissociation 
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limit has been calculated by neglecting the spin-orbit splitting in the atomic Al( 4p) 

manifold for the sake of simplicity. The true Al( 4p) + Ar asymptotes lie approximately 

± 8 cm-1 (i.e., ±A/2) above and below this average value. 

A single broad, unstructured feature was uncovered approximately 820 cm-1 above 

the Al( 4p) + Ar dissociation limit using 2-vis + lvis single-color multiphoton ionization with 

a visible pump power of roughly 20 ml/pulse. Centered near 33920 cm-1 with a full-width 

at half-maximum (FWHM) of approximately 80 cm-1, this feature was strongly visible in 

the Al+ fragmentation channel shown in Figure 4-1 , but was only weakly apparent in the 

Al•Ar+ channel shown in Figure 4-2. The lack of any distinct structure in the observed 

feature in either the Al+ fragment signal channel or the Al•Ar+ channel strongly suggested 

that this feature arose from a rapid photodissociation process induced by a direct two­

photon Franck-Condon transition to a repulsive region of the 2
~ + 112(4p) potential. 

As is evident in Figure 4-1 , the observed dissociative profile was noticeably 

asymmetric. Compared to the blue edge, the red edge of the peak profile sloped much less 

dramatically toward the baseline. Furthermore, upon approaching the baseline, the red 

edge exhibited an extended tail that caused the base of the peak profile to appear 

considerably shaded to the red. The blue edge of the dissociative peak profile likewise 

was observed to manifest an extended tail very close to the baseline. However, unlike the 

tail apparent on the red edge, the blue edge tail appeared to adjoin the main spectral 

feature in a discontinuous manner. 

Figure 4-3 shows a second Al+ fragmentation peak profile th~t was collected using 

a higher visible pump power of approximately 30 mJ/pulse. While the overall peak shape 
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was quite similar to that obtained using lower power, the higher power spectrum was 

considerably broadened, exhibiting a FWHl\1 of approximately 120 cm-I . Furthermore, the 

tail on the red edge of the peak profile showed evidence of a substantial fragmentation 

background relative to the spectrum collected at low power. 

4.3.l.2. l'uv+ lvisSpectra 

To verify the intrinsic two-photon character of the 2L\12(4p) ~ 2III12(3p) 

transition, single-photon excitation spectra were collected with both high and low UV 

pump powers to drive the initial excitation step. No UV transition to the 2L\12(4p) state 

would be expected due to the forbidden nature of the electric dipole selection rule, 

rendering these experiments, in principle, negative controls. Nevertheless, as is evident 

from Figures 4-4 and 4-5, single-photon l 'uv + lvis dissociative fragmentation spectra 

were detectable, indicative of the fact that the 2L+ 112( 4p) state was strongly coupled to 

nearby electronic manifolds that were accessible by single-photon excitation. The most 

likely candidate(s) for mixing with the 2L\12(4p) state would be the Q = 1/2 electronic 

states derived from the Al(3d) + Ar asymptote that lay approximately 522 cm-I below the 

Al( 4p) + Ar asymptote. In particular, the 2L+ I12(3d) electronic state was undoubtedly 

strongly coupled to the 2L+ 112( 4p) state, given the previous theoretical calculations 

showing the importance of including close lying electronic states of equal total angular 

momentum, 0., if a proper L(nl) potential shape was to be attained. 11
-
13 

Two other electronic states of L(ns) symmetry that lie directly above and below 

the Al(3d)•Ar and A1(4p)•Ar electronic manifolds could also be potentially mixed to a 
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minor degree with the 22::+ 112( 4p) state. The first was the B 2L+ 112( 4s) state, whose 

asymptote lay approximately 7610 cm-1 below the Al(4p) + Ar asymptote.17 Second, lying 

asymptotically 4730 cm-1 above the Al(4p) + Ar asymptote, the 2L\12(5s) state was 

likewise a good candidate for state mixing with the 2L\12(4p) state. 17 Nevertheless, given 

the strongly bound character of the 2L\12(4s) and 2L\12(5s) potentials as well as the 

significant energy separation relative to the 2L+ 112( 4p) state, these two states probably 

contribute much less to the true 2L+ 112( 4p) potential shape than the 2L+ 112(3d) state. l-4 

Figure 4-4 shows the dissociative peak profile obtained by monitoring the Al+ 

fragment signal using a UV pump power of300-500 µJ/pulse . Overall, the peak profile 

was rather similar to that acquired using 2vis + lvis single-color excitation (see Figure 4-1), 

exhibiting an almost identical FWHM of 80 cm-1. One subtle difference in the 1 'uv + lvis 

two-color excitation spectrum was that the blue edge of the peak was no longer almost 

linear, but instead appeared to possess at least one shoulder near the bottom half of the 

peak profile. Whether this shoulder was real or perhaps an artifact due to preferential 

fragmentation during the ionization step has been difficult to definitively ascertain. 

In addition to the low power spectrum, a high-power 1 'uv + l vis two-color 

excitation spectrum was obtained using a UV pump power in the range of3-5 ml/pulse. 

This dissociative spectrum obtained by monitoring the Al+ fragment signal is presented in 

Figure 4-5 . This spectrum was considerably power broadened relative to the low-power 

spectrum. Furthermore, both the red and blue edges of the peak showed a marked 

fragmentation enhancement reminiscent of the high power spectrum-collected using 2vis + 

lvis single-color excitation (see Figure 4-3). Nevertheless, the magnitude of the 
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fragmentation background on both the red and blue edges of the peak profile was 

noticeably altered. Particularly noteworthy was the strong dissociative feature shaded for 

approximately 200 cm-1 to the blue of the main peak. This contrasts distinctly with the 2vis 

+ lvis single-color excitation where essentially no additional fragmentation background 

was noted on the blue edge of the peak profile upon increasing the power employed for 

the excitation step. The broad blue-shaded dissociation profile appeared to originate in 

the same vicinity as the shoulder noted on the blue-edge of the main peak profile obtained 

using low-power excitation, suggestive of the fact that these two spectral features had a 

common physical origin. 

Compared to the high power 2vis + lvis single-color excitation, the red edge of the 

primary peak obtained by 1 'uv + lvis two-color excitation exhibited considerably less 

fragmentation - gradually approaching the baseline after almost 200 cm·1
. The overall 

shape of the red-shaded tail, however, was quite similar in profile to both low-power 

spectra collected using 2vis + lvis single-color and 1 'uv + lvis two-color excitation after 

allowing for its broadened spectral extent. 

4.3.1.3. l 'uv + l 'uvSpectra 

In an attempt to definitively identify any spectral features in the single-photon 

excitation spectra arising from the visible laser pulse - either in the initial excitation step 

(in this case a two-photon excitation) or the ionization step - 1 'uv + 1 'uv single-color 

ionization was employed using both low and high initial excitation p~mp powers. The 

low-power 1 'uv + 1 'uv single-color dissociation spectrum collected by monitoring the At 



347 

fragment signal using a UV pump power of300-500 µJ/pulse is presented in Figure 4-6. 

In general, the overall peak profile was quite similar to that obtained using the l 'uv + lvis 

two-color excitation method (see Figure 4-4). The primary difference was the shape of 

the peak maximum which was observed to be considerably broadened and flattened, 

rendering it difficult to judge whether the true contour of the peak maxima had been 

obtained. It remained possible that the observed contour of the peak maximum may not 

have been intrinsic to the feature itself, but rather represented the low amount of ion signal 

that hindered an accurate peak maximum to be acquired even after substantial signal 

averagmg. 

As was the case with the low power l 'uv + lvis two-color excitation spectrum, the 

I' uv + l 'uv single-color dissociation spectrum likewise exhibited a slight shoulder on the 

blue edge of the peak profile near the peak half maximum. Because the peak maximum 

was indeterminate for the low power 1 'uv + I 'uv single-color excitation mode, it was 

difficult to determine whether or not this shoulder was perhaps slightly diminished in this 

spectrum relative to the low power l 'uv + lvis two-color excitation spectrum. 

A high-power l 'uv + l 'uv single-color dissociation spectrum was also obtained by 

monitoring the At fragment signal using UV pump powers of3-5 ml/pulse. This high­

power spectrum is presented in Figure 4-7. Unlike the other spectra obtained during the 

course of the experiment, the high-power dissociative peak profile clearly exhibited two 

well-defined spectral features. Specifically, a prominent spectral feature was apparent on 

the blue edge of the peak profile that was shifted approximately 120.cm-1 to the blue of the 

main dissociative feature. While a slight trace of a shoulder was noted on the blue edge of 
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the peak profile in both low- and high-power I' uv + lvis two-color spectra as well as the 

low-power I' uv + I' uv single-color spectrum, this small shoulder was apparently close to 

33970 cm-1 as opposed to 34040 cm-1 for the spectral feature in the high-power l 'uv + 

I' uv single-color spectrum. Whether or not these two features possess a common origin 

has not been able to be determined. 

Even ignoring the increased spectral breadth of the high-power l 'uv + l 'uv single­

color dissociative feature caused by the additional blue-shifted peak, the spectrum 

presented in Figure 4-7 was considerably more power broadened than the other high­

power spectra obtained using the alternate excitation modes. Specifically, the primary 

spectral feature in the high-power I' uv + I' uv single-color dissociative spectrum appeared 

with a FWHM of approximately 180 cm-1 
- substantially greater than that observed in any 

of the other spectra. The fundamental physical basis for why the high-power I' uv + l 'uv 

single-color dissociative spectrum and the high-power l 'uv + l vis two-color dissociative 

spectrum appear substantially different is presently not understood, especially given the 

fact that the same UV pump power was used to drive the initial excitation step in both 

cases. 

4.3.2 Simulation of the l 'uv + lvis Single-Photon Excitation Spectrum 

In direct analogy to the B•Ne work, 14 ab initio calculations on the Al•Ar 2I\12(4p) 

state were performed in collaboration with Jeff Sheehy at the Phillips Laboratory, 

Edwards Air Force Base.5 The theoretical characterization of the Al•Ar 2I\12(4p) 

potential were derived from the comprehensive set of calculations for the Al(3p )• Ar, 
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Al(4s)•Ar, Al(3d)•Ar, and Al(4p)•Ar electronic manifolds that were presented in Section 

3.5.3 . of Chapter 3. In contrast to the ab initio calculation by Alexander and co-workers 

on the B•Ne system, only a single level of theory - internally contracted multireference 

configuration interaction (11:RCI) calculations from [6331] (3 electrons in 13 orbitals) 

state-averaged complete active space reference wavefunctions using a 

(17s12p5d4/)/[7s6p4d3.f] atomic natural basis set (supplemented with diffuse (lslpldl.f) 

functions) - has been performed to predict the potential energy profile of the Al• Ar 

2I + v2( 4p) state. 5 As a result, a comprehensive comparison between different levels of 

theory and experiment as was achieved in the case of the B•Ne work is not possible at the 

present time. Nevertheless, these initial ab initio results from Jeff Sheehy have permitted 

a preliminary characterization of the Al•Ar 2I+112(4p) potential energy profile. 

As shown in Figure 4-8a, the calculated 2I + 112( 4p) potential energy profile was 

found to be completely repulsive in nature, consistent with the experimental results. 

However, the potential energy curve did not exhibit simple exponentially repulsive 

behavior. Rather, a conspicuous inflection was predicted approximately 1000 cm·1 above 

the Al( 4p) + Ar asymptote. This inflection point was found to lie directly above the 

calculated equilibrium internuclear bond distance for the 2II112(3p) ground state potential 

at 4 A (see Section 3.5.3. in Chapter 3). A direct, Franck-Condon-allowed 

bound➔continuum transition was predicted to access the central region of the inflection 

almost precisely as is shown in Figure 4-8b. 

To clarify any ambiguities, it should be noted that the calculated ground state 

equilibrium bond distance was somewhat larger than the experimentally derived value of 
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3.79 A. For the sake of this discussion and subsequent theoretical simulations presented 

below, the calculated ground state equilibrium bond distance was not shifted to match the 

experimental value. Hence, all simulations will treat the 4 A region on the 2r + 112( 4p) 

potential as the direct Franck-Condon accessible region regardless of the experimentally­

derived values for the ground state. 

With the calculated 211112(3p) ground state and 2I + 112( 4p) excited potentials in hand, 

simulations of the bound➔continuum dissociative peak profiles were undertaken using the 

public domain computer program, BCONT, written and distributed by Le Roy. 18 The one 

drawback of this program for the purposes of simulating the experimentally-derived 

spectra was that BCONT cannot properly treat Franck-Condon transitions to virtual 

intermediate states such as those excited in the 2vis + lvis single-color excitation mode. As 

a result, the most informative spectra, namely those generated using a two-photon initial 

excitation step, cannot be properly simulated. Nevertheless, BCONT was capable of 

predicting dissociation profiles generated by direct single-photon transitions to the 

2I + 112( 4p) state, rendering those spectra obtained using 1 'uv + 1 'uv single-color and 1 'uv 

+ l vis two-color excitation schemes amenable to comparison with their simulated spectral 

behavior. 

A single simulation has been performed on the direct, single-photon Franck­

Condon 2I + 112( 4p) ~ 211112(3p) continuum~bound transition near the 4 A region. The 

BCONT parameters used for this simulation are presented in Tables 4-1 and 4-2. For 

these simulations, the transition dipole matrix elements were considered to be constant 

over the accessible excitation region. Consequently, the simulated dissociative peak 
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profiles effectively represented the Franck-Condon overlap profiles between the 2TI112(3p) 

ground state and the 2~+112(4p) excited state. Calculations of the transition dipole matrix 

elements recently performed by Sheehy demonstrated only a very small variation over the 

Franck-Condon allowed excitation region (data not shown). This indicated that 

approximating the transition dipole matrix elements as constant for the purpose of this 

simulation would not seriously hinder the ability to extract physically meaningful results 

from the dissociative peak profiles. 

The simulated dissociative peak profile generated by BCONT is shown in Figure 

4-9. Qualitatively, the overall shape of the predicted dissociative peak profile was 

reminiscent of those obtained from the low power l 'uv + lvis two-color (see Figure 4-4) 

and l 'uv + l 'uv single-color (see Figure 4-6) excitation schemes. As was the case with the 

experimental spectra, the simulated dissociative peak profile was asymmetric and shaded 

slightly to the red. Likewise, the extended tail shaded to the red of the main feature was 

clearly apparent in the simulated peak profile. In addition, a very weak intensity peak 

shifted to the blue of the main spectral feature was also predicted (see x38 inset in Figure 

4-9). Whether or not the blue shaded shoulders observed in the low power l'uv + lvis 

two-color and I' uv + I' uv single-color excitation spectra could possibly be of common 

origin to this particularly low intensity feature, however, remained indeterminate. 

One primary discrepancy in the simulated profile was the fact that the predicted 

FWHM of approximately 50 cm-1 was considerably less than that noted in the 

experimental spectrum. By employing small pump powers of approximately 300-500 

µJ/pulse, power broadening effects in the l 'uv + lvis two-color and l 'uv + l 'uv single-
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color excitation schemes should have been minimized if not eliminated. Hence, the most 

probable explanation for the narrow width of the simulated peak profile was the flat nature 

of the 2I+112(4p) potential energy profile within the Franck-Condon allowed region. If the 

location of the Franck-Condon transition in the 2I + 112( 4p) state was shifted slightly to 

either larger or smaller internuclear bond distances, then regions of increasingly significant 

degrees of repulsive character would become accessible - undoubtedly broadening the 

simulated dissociative peak profile. Therefore, in all likelihood, the true nature of the 

2L+ 112( 4p) potential energy profile within the dissociative region was probably not as flat as 

predicted at the present level of theory - a supposition that can be tested through future 

theoretical work. 

Figures 4-10 and 4-11 show the simulated peak profile superimposed with the low 

power 1 'uv + lvis two-color and 1 'uv + 1 'uv single-color spectra respectively. Since the 

peak maximum for the 1 'uv + 1 'uv single-color spectrum was ill-defined, the simulated 

peak profile was aligned in both Figures 4-10 and 4-11 such that the maximum was 

positioned identically to that observed in the 1 'uv + lvis two-color dissociative spectrum. 

The superposition of the two profiles clearly demonstrated the presence of a broadened 

shoulder on the blue-edge of both the l 'uv + lvis two-color and l 'uv + l 'uv single-color 

peak profiles. Despite the discrepancies noted at the blue edge, the red edge of both the 

simulated and experimental peak profiles correlated rather well with one another, 

especially in the case of the low power 1 'uv + 1 'uv single-color spectrum. 
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4.4. Conclusion 

The first observation of a direct two-photon bound➔continuum transition from 

the ground state in a metal atom-rare gas van der Waals molecule has been characterized. 

Two-photon transitions between the Al•Ar 2II112(3p) ground state and the 2I:+112(4p) 

excited state were observed to result in the observation of a broad, structureless feature 

predominantly in the Al+ fragment signal channel, indicative of a direct transition onto a 

purely repulsive upper state potential. Characterization of this feature using single-photon 

excitation revealed significant state mixing between the 2I:+ 112( 4p) state and nearby 

electronic states with total angular momentum values of Q = 1/2, thus inducing partial 

single-photon character in the observed dissociative peak profile. Both the precise details 

of the states responsible for state mixing interactions with the 2I:+ 112( 4p) state as well as the 

magnitude of the coupling between the various mixed states remains an open question for 

future theoretical inquiry. 

Simulations of the single-photon excitation dissociative peak profile predicted from 

ab initio calculations of the Al•Ar 2II112(3p) ground state and the 2I:\12(4p) excited state 

potential showed reasonable similarity to those collected experimentally. Future 

theoretical work will need to focus on both modifying the BCONT bound➔continuum 

simulation program to permit two-photon excitation profiles to be generated as well as 

trying to understand the fundamental physical origin of the broadened spectral behavior on 

the blue edge of the primary dissociation peak profile observed with single-photon 

excitation. 
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Table 4-1: Input parameters for the BCONT 1.4 calculations of 
absorption coefficients for Al·Ar 21:112 (4p) ~ X1

2II112 (3p); 
Part 1. 

NFIT IORD IFREE NV NJ IRDAT NEWPOT IWR IPNCH OVRCRT 
0 2 1 1 0 1 1 -1 1 4d-4 

NT NFR IRWAVL IFRPW 
0 160 1 1 

WAVL 
296.30 296.31 296.32 296.33 296.34 296.35 296.36 296.37 296.38 295.39 
296.40 296.41 296.42 296.43 296.44 296.45 296.46 296.47 296.48 296.49 
296.50 296.51 296.52 296.53 296.54 296.55 296.56 296.57 296.58 296.59 
296.60 296.61 296.62 296.63 296.64 296.65 296.66 296.67 296.68 296.69 
296.70 296.71 296.72 296.73 296.74 296.75 296.76 296.77 296.78 296.79 
296.80 296.81 296.82 296.83 296.84 296.85 296.86 296.87 296.88 296.89 
296.90 296.91 296.92 296.93 296.94 296.95 296.96 296.97 296.98 296.99 
297.00 297.01 297.02 297.03 297.04 297.05 297.06 297.07 297.08 297.09 
297.10 297.11 297.12 297.13 297.14 297.15 297.16 297.17 297.18 297.19 
297.20 297.21 297.22 297.23 297.24 297.25 297.26 297.27 297.28 297.29 

297.30 297.31 297.32 297.33 297.34 297.35 297.36 297.37 297.38 297.39 

297.40 297.41 297.42 297.43 297.44 297.45 297.46 297.47 297.48 297.49 

297.50 297.51 297.52 297.53 297.54 297.55 297.56 297.57 297.58 297.59 

297.60 297.61 297.62 297.63 297.64 297.65 297.66 297.67 297.68 297.69 

297.70 297.71 297.72 297.73 297.74 297.75 297.76 297.77 297.78 297.79 

297.80 297.81 297.82 297.83 297.84 297.85 297.86 297.87 297.88 297.89 

EV 
-123.697 

BV 
0.0727 

IVFIX JFIX 
0 0 

ZMU RMIN RH REX 

16.10438 2 0.002 4 

NTPI VLIMI 
26 138.718 

NUSEI VSHFTI RFACTI VFACTI 

8 -138.718 l.d0 l.d0 
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Table 4-2: Input parameters for the BCONT 1.4 calculations of 
absorption coefficients for Al·Ar 2L112 (4p) ~ X1

2II112 (3p); 
Part 2. 

RTPI VTPI RTPI VTPI RTPI VTPI RTPI VTPI 
2.00 17230.34 2.40 5590.11 2.60 3185.50 2.80 1754.53 
3.00 914.72 3.20 439.70 3.40 186.34 3.50 112.44 
3.60 62.60 3.70 30.65 3.80 11.87 3.90 2.57 
4.00 0.00 4.10 2.10 4.20 7.20 4.50 30.50 

4.80 54.86 5.00 68.71 5.20 80.31 5.40 89.80 

6.00 108.57 7.00 122.10 8.00 127.16 10.00 130.45 

12.00 131.32 100.00 131.72 

PRM(l) PRM(2) PRM(3) 
1 0 0 

NTPF VLIMFl 
26 32894.34 

NUSEF VSHFTF RFACTF VFACTF 

8 -138.718 l.d0 l.d0 

RTPF VTPF RTPF VTPF 

2.00 49409.33 2.40 38266.35 

2.60 36231.54 2.80 35174.78 

3.00 34624.54 3.20 34321.52 

3.40 34138.63 3.50 34077.06 

3.60 34033.14 3.70 34005.11 

3.80 33990.04 3.90 33982.80 

4.00 33977.24 4.10 33967.31 

4.20 33952.34 4.50 33875.37 

4.80 33766.14 5.00 33687.14 

5.20 33607.80 5.40 33531.47 

6.00 33337.46 7.00 33144.25 

8.00 33061.35 10.00 33022.60 

12.00 33022.85 100.00 33026.06 

PRM(4) PRM(5) PRM6) 

5.60 0.00 0.00 
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4.6. Figure Captions 

Figure 4-1 Low-power (about 20 mJ/pulse) 2vis + lvis single-color multiphoton 

ionization (MPI) spectrum of the bound➔continuum transition between the 
2Il112(3p) ground state and the excited 2L+vi(4p) electronic state obtained by 

monitoring the At fragment signal channel. 

Figure 4-2 Low-power (about 20 mJ/pulse) ~s + lvis single-color multiphoton 

ionization (MPI) spectrum of the bound➔continuum transition between the 

2Ilvi(3p) ground state and the excited 2L+ 112( 4p) electronic state obtained by 

monitoring the Al•Ar+ channel. 

Figure 4-3 High-power (about 30 mJ/pulse) ~s + lvis single-color multiphoton 

ionization (MPI) spectrum of the bound➔continuum transition between the 

2Il11i(3p) ground state and the excited 2L\!2(4p) electronic state obtained by 

monitoring the Al+ fragment signal channel. 

Figure 4-4 Low UV power (about 300-500 µJ/pulse) l 'uv + lvis two-color multiphoton 

ionization (MPI) spectrum of the bound➔continuum transition between the 

2I1112(3p) ground state and the excited 2L\12(4p) electronic state obtained by 

monitoring the Al+ fragment signal channel. 

Figure 4-5 High UV power (about 3-5 mJ/pulse) l 'uv + lvis two-color multiphoton 

ionization (MPI) spectrum of the bound➔continuum transition between the 

2II112(3p) ground state and the excited 2L\12(4p) electronic state obtained by 

monitoring the Al+ fragment signal channel. 

Figure 4-6 Low UV power (about 300-500 µJ/pulse) l 'uv + l 'uv single-color 

multiphoton ionization (MPI) spectrum of the bound➔continuum transition 

between the 2Il112(3p) ground state and the excited 2L+ 112( 4p) electronic state 

obtained by monitoring the At fragment signal channel. 
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Figure 4-7 High UV power (about 3-5 ml/pulse) 1 'uv + 1 'uv single-color multiphoton 

ionization (1v1PI) spectrum of the bound➔continuum transition between the 
2
Dv2(3p) ground state and the excited 2I\12(4p) electronic state obtained by 

monitoring the At fragment signal channel. 

Figure 4-8 Potential energy curves arising from the Al( 4p )• Ar electronic manifold from 

the calculations by Jeff Sheehy. 5 (a) The calculated potential energy profiles 

for the 2TI(4p) and 2I+(4p) electronic states (note that spin-orbit effects have 

been neglected in these calculations) (b) Enlargement of the region on the 
2L+(4p) potential that is accessible by a direct Franck-Condon-allowed 

transition from the 2TI112(3p) ground state. 

Figure 4-9 BCONT 1.4 simulation of the single-photon 2I+(4p) ~ 2TI(3p) 

continuum~bound transition using the calculated potential energy curves 

provided by Jeff Sheehy. 5 

Figure 4-10 Comparison of the simulated dissociative 2I+(4p) peak profile generated 

from the BCONT 1.4 program with the experimental low UV power (about 

300-500 µJ/pulse) 1 'uv + lvis two-color multiphoton ionization (MPI) 

spectrum obtained by monitoring the Al+ fragment signal channel. 

Figure 4-11 Comparison of the simulated dissociative 2L+(4p) peak profile generated 

from the BCONT 1.4 program with the experimental low UV power (about 

300-500 µJ/pulse) 1 'uv + luv single-color multiphoton ionization (MPI) 

spectrum obtained by monitoring the Al+ fragment signal channel. 
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CHAPTERS 

The Observation of 

Novel Spectroscopic Behavior 

in Al•Arn Clusters (n < 60) 

in the Vicinity of the 

Al(3d) ~ Al(3p) Atomic Transition 



372 

5.1 Introduction 

The nature of the electronic structure of single metal atoms doped into rare gas 

matrices has been examined extensively over the years by optical absorption 

spectroscopy. 1
-
2 The principal contribution ohhis accumulated work has been a 

systematic survey of the spectral shifts, and in some cases electronic splittings, that result 

when a metal atom is solvated within a condensed phase matrix. However, due to the 

breadth of and often unresolvable nature of the spectral features observed in condensed 

phase work, interpretation of a spectrum often yields little more than qualitative 

generalities related to the inferred size of the binding site - i.e., whether or not the dopant 

atom finds itself in a "tight" binding site within the matrix. Ultimately, such work has 

often provided little insight in and of itself regarding the intricacies of the electronic 

interactions that give rise to the observed spectral features, nor the size or symmetry of the 

binding site surrounding the metal atom itself 

In order to simplify an otherwise intractable problem of solving for the N­

dimensional potential that governs the interactions in a condensed phase system, 

approximate model systems have been sought that serve to reduce the enormity of the 

problem while still retaining the fundamental physical properties of the bulk. Such an 

approach has invariably been the domain of cluster chemistry, a field dedicated to the use 

of small molecular aggregates as models for the condensed phase. The advantage to 

studying such small systems is that a reasonably precise description of the pair-wise and 

many-body potentials between a small, finite number of atomic or molecular species that 

comprise the model system can be obtained. Because solvent atoms or molecules can be 
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added to a solute in a sequential manner, a microscopic model of the dopant surrounded 

by the initial few salvation shells representative of a liquid or solid can begin to emerge, 

providing a core model from which the properties of the bulk may eventually be 

successfully extrapolated. 

Despite the simplicity offered by the use of rare gas molecules as a model solvent, 

cluster studies seeking to systematically characterize the evolution of the electronic 

interactions between a metal atom and increasing numbers of rare gas solvating atoms 

have been rarely pursued. Two examples, however, that have arisen out of collaborative 

efforts between experimentalists and theorists have been particularly informative. The first 

relates to the systematic study of small HgArn (n::; 5) near the atomic 

Hg(6s6p 3P 1 +- 6s2 1S0) transition.3 From matrix absorption work, the electronic states 

arising from transitions between these two electronic manifolds were revealed to undergo 

large blue shifts of 1250 cm-1
_
4-5 An intriguing aspect about these cluster systems was the 

observation that excitation to the .Q = o<+) component of the excited state, namely 3Il0+ in 

Hund' s case ( a) notation, exhibited an initial red shift of 60 cm-1 in the Hg• Ar2 clusters 

which was subsequently not observed with larger clusters sizes. 6"
8 

Molecular dynamics simulations, however, predicted substantial red-shifts for the 

3I10+ electronic state on the order of 100 cm-1 for Hg•Ar2 (C2v), Hg•Ar3 (C3v), Hg•Ar4 

( C3v) . 8 Other isomers of these small clusters were predicted to exhibit smaller spectral 

red-shifts: Hg• Ar4 (C2v) = 25 cm·1
, Hg• Ars (C4v) = 15 cm-1

, and Hg• Ars (Cs) = 49 cm-1
. 
8 

By Hg•Ar6, this state was predicted to give rise to a blue-shifted feature of 216 cm·1 

according to the simulations. 8 What is striking about these molecular dynamical 
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predictions is that all of the red-shifted features arise from isomeric configurations where 

the mercury atom lies at the surface of the rare gas cluster. 8 In particular, the atomic 

Hg(3P1) electronic state (J = 1) can be envisioned as the shape of a torus where the 

electron density arising from the excited p-electron is aligned parallel to the rare gas 

cluster surface. 3 This suggests, therefore, that in cases where a metal atom can reside on 

the exterior of the rare gas cluster, electronic states that serve to sequester electron 

density oriented away from the cluster surface can experience a net stabilization. Such a 

conclusion was reinforced by the results of the Hg•Ar6 and larger clusters. The origin of 

the calculated blue shifts derived from the fact that Hg• Ar6 and subsequent larger cluster 

sizes were predicted to become solvated within the interior of the rare gas cluster, thus 

residing in a more matrix-like site characteristic of the bulk.8 

A second noteworthy example of metal-rare gas interactions within the context of 

cluster systems arose from the work performed by Visticot and co-workers using barium 

atoms as a probe of argon cluster structure. 9-
12 Rather than employing the standard 

method for generating metal rare gas clusters, namely laser vaporization/pulsed beam 

expansion methods, these experiments applied a "pick-up" technique whereby barium 

atoms are were deposited onto argon clusters that had already undergone expansion 

cooling.11 Through such an approach, one avoids the necessity of dissipating-the 

additional heat of the laser vaporization plasma that can otherwise limit the clustering 

efficiency of the source. Consequently, these experiments were able to generate large­

sized argon clusters ranging from 300 to 4000 rare gas atoms. 

Laser induced fluorescence (LIF) as well as dispersed emission spectra were 
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performed on the large Ba•Arn clusters around the atomic Ba(6s6p 1P 1 ~ 6s6s 1S0) 

transition. 
11 

The resultant spectra showed evidence for two main spectral features, one 

blue-shifted 400 cm-1 relative to the atomic transition and the other red-shifted by about 

100 cm-1
. Both transitions were observed to red-shift about 100 cm-1 with increasino 

0 

solvation, the red-shifted band lying approximately 200 cm-1 to the red of the atomic 

transition in Ba• Ar385o-

Subsequent classical molecular dynamic simulations were performed in order to 

simulate the spectra. 11
-
12 The results of the simulations were strongly suggestive that the 

observed spectrum was due to surface salvation of the barium atom. Attempts to place 

the barium atom within the interior of the cluster resulted only in the observation of a 

triplet structure that was slightly more strongly blue-shifted than that experimentally 

observed blue-shifted feature. 11 No red-shifted feature was observed with interior 

salvation of the barium atom. In contrast, simulations that placed the barium atom at the 

surface of the cluster were able to reproduce both the red- and blue-shifted features 

observed experimentally with remarkable accuracy - even reproducing the small splitting 

observed in the red-shifted feature_ 11-
12 

These two examples clearly demonstrate that use of metal-rare gas clusters as 

models for condensed phase salvation offers a means to explore a completely new facet of 

binding interactions within condensed phase systems, namely as a probe of the electronic 

interactions of a metal atom bound to an interface. Such interactions have essentially 

remained unexplored in the bulk phase work performed to date. Neyertheless, there is 

considerable promise for the use of cluster model systems to reveal key insights into the 
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intricacies of binding interactions directly at the surface interface in addition to interior 

sites within the cluster. 

As a result of these previous studies, we have pursued a systematic spectroscopic 

study of aluminum atoms solvated by Arn (n < 55) clusters. Aluminum was chosen as a 

potentially informative probe of argon cluster structure for two reasons. First, the ground 

state binding energy of Al• Ar13
-
17 is slightly greater than the Ar• Ar pair potential by 

roughly 30 to 40 cm-1
.
3
'
11

'
18 This contrasts with the barium case where the Ba•Ar pair­

potential is slightly less strongly bound than that of Ar• Ar.11 Consequently, aluminum can 

serve as a sensitive probe of the role of pair-potential energetics on the site of metal atom 

binding within the cluster. Furthermore, aluminum, being a third row atom, is significantly 

smaller than either barium or mercury, both sixth row atoms. Therefore, aluminum serves 

as a useful probe of how atomic size may or may not affect the preferred binding site of a 

metal atom with a rare gas cluster. Therefore, by using a cluster approach, we sought to 

gain insight into the size dependent behavior of both cluster structure and the electronic 

band frequency shifts resulting from sequential salvation. Such measurements can, in turn, 

provide a stringent benchmark for testing the accuracy and reliability of the theories used 

to describe both bulk doped matrices as well as interfacial surfaces. 

The UV absorption spectrum of aluminum trapped in argon matrices has been 

extensively investigated. 19
-
21 These studies have concentrated on the spectral region 

corresponding to the lowest energy atomic aluminum transitions between 400 nm and 240 

nm where the matrix bands appear relatively uncongested and are, therefore, assignable 

with reasonable accuracy. One band of particular interest is the matrix band assigned to 
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the lowest energy atomic aluminum transition, namely the Al(4s) f--- Al(3p).22 While the 

Al(4s) f--- Al(3p) transition appears around 395 nm, the matrix band assigned to result 

from the Al(4s) f--- Al(3p) transition exhibits a blue-shift to roughly 340 nm.19 Such a 

large blue shift is rather unusual, and the exact interactions that give rise to this shift are 

still unquantified. 

Whetten and co-workers have studied the Al•(Ar)n cluster (n < 150) 

Al(4s) f--- Al(3p) frequency shifts as a function of increasing salvation using a cluster 

approach.23
-
25 The Al(4s) ~ Al(3p) band exhibited a strong monotonic blue shift with 

increasing cluster size up to Al(Ar)12, after which the observed spectral shift leveled off 

The maximum extent of the cluster Al(4s) f--- Al(3p) blue-shift was+ 1000 cm·1, only a 

moderate fraction of the +4200 cm-1 matrix shift.25 However, due to the spherically 

symmetric nature of the excited Al(4s) orbital, these authors were unable to infer 

structural details from merely the solvent shifts, only concluding that these cluster systems 

do not yet resemble the bulk. 

The next excited electronic band observed in argon matrices doped with aluminum 

atoms, a doublet or possibly triplet near 290 nm, has been assigned to the Al(3d) f---

Al(3p) transitions that occur near 308 nm in the isolated atom.19
'
22 Far more insight could 

potentially be gained by investigating the matrix band spectral shifts arising from the 

Al(3p) ground state to the excited Al(3d) states because asymmetries in the aluminum 

atom binding site can lift the five-fold degeneracy of the Al(3d) states, leading to the 

possibility of a splitting in the excited electronic states. By studying the size dependent 

frequency shifts and band splittings arising from transitions to the Al(3d) manifold with 
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sequential solvation, a great deal of insight may be gleaned into both the nature of the 

electronic interaction of the metal atom trapped within a matrix site as well as the intrinsic 

symmetry of the matrix site in which the metal atom resides. As a result, we have 

investigated the UV spectra of Al•(Ar)n clusters (n < 60) about the atomic aluminum 

Al(3d) +- Al(3p) transitions by l 'uv + lvis resonant two-color multiphoton ionization 

spectroscopy (R21\1PI) as well as ~s + lvis non-resonant single-color multiphoton 

ionization spectroscopy. 

5.2 Experimental 

Al•(Ar)n clusters were generated by a standard laser ablation techniques. 

Following the opening of a piezoelectric pulsed valve, the pure Ar carrier gas ( ~8 atm. 

stagnation pressure) was injected into either the second or third generation laser 

vaporization sources described in Chapter 2. The tripled output of a Nd-YAG laser 

(Continuum Surelite I) was focused on the surface of a rotatable 2024 alloy aluminum rod 

that was positioned directly adjacent to the throat of the supersonic expansion. Following 

the supersonic expansion, the clusters passed through a 3 mm orifice diameter skimmer 

into the second differential region. The clusters were then ionized by l 'uv + lvis resonant 

two-color multiphoton ionization by crossing the jet with an unfocused pump beam 

consisting of both the residual fundamental and doubled fundamental of the appropriate 

laser dye wavelength (DCM, Rhodamine 640, Rhodamine 640/Rhodamine 610 (50 :50 

mixture), and Rhodamine 610). The UV laser pulse (I - 4 mJ/pulse) -was derived from the 

doubled output of a dye laser (Quantel TDL-51) pumped by the doubled output of a 
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Nd:YAG laser (Continuum NY61-20). Figure 5-1 shows the ionization scheme employed. 

The clusters were scanned through the UV region from 330 nm to 296 nm, first exciting 

the atomic Al(3d) ~ Al(3p) transitions with the doubled UV photon, and subsequently 

ionizing with the residual visible fundamental dye output (10-50 ml/pulse) that exited the 

doubling crystal coaxially with the UV laser pulse. In the current single dye laser 

experiments, the UV and visible wavelengths were forced to tune simultaneously. Based 

on data by Whetten and co-workers, 23 absorption of the second, visible photon 

(Yvis = (vuv)/2) was near the ionization threshold. The total photon energy (vuv + Yvis) 

was always within 0.75 eV or less of the ionization threshold of the clusters. 

Fallowing ionization, the clusters were extracted perpendicularly and mass­

analyzed by a standard 1 m Wiley-McLaren time-of-flight (TOF) spectrometer,26 and 

detected by a chevron dual-microchannel plate detector. A typical TOF mass spectrum 

can be seen in Figure 2-101 in Chapter 2. Individual scans were recorded by gating the 

mass peak of interest with a gated integrator (SR-250, Stanford Research Systems). SIN 

was greatly improved by switching the laser vaporization Q-switch at half the repetition 

rate and using the gated integrator to subtract the pump background due to DP oil 

contaminant fragments (L V off) from every signal shot (L Von). All spectra were power 

normalized for UV fluence . 

5.3 Results 

5. 3.1 Experimental Spectra 

The experimental UV spectra of Al•(Ar)n clusters (n < 60) about the atomic 
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aluminum A1(3d) ~ A1(3p) transitions obtained by l 'uv + lvis resonant two-color 

multiphoton ionization are presented in Figures 5-2 through 5-12. The Al•Arn cluster 

sizes for which spectra were acquired over the course of the experiment were the 

following: Al•Ar3, Al•Ars, Al•Ar6, Al•Ar1, Al•Ar12, Al•Ar1s, Al•Ar2s, Al•Ar34, Al•Ar40, 

Al•Ar41, and Al•Ars4. Each of the spectra presented in Figures 5-2 through 5-12 

represented the results derived over four complete dye laser tuning ranges (DCM, 

Rhodamine 640, Rhodamine 64O/Rhodamine 610 (50:50 mixture), and Rhodarnine 610) 

that have been joined together to form the complete total spectrum for a given cluster size. 

Whenever possible, care was taken to ensure overlapping wavelength ranges between the 

different dye tuning ranges so that sufficient spectral overlap between the various regions 

was achieved. This served to remove (to the best of our ability) the subjectiveness 

inherent to scaling and offsetting the spectral features observed between different dye 

regions. Therefore, while the spectral features themselves presented in the combined 

spectra were believed to be truly characteristic of a specific cluster size, there nevertheless 

existed some ambiguity as to the absolute relative intensities of features arising between 

individual dye tuning ranges. Consequently, care should be exercised before drawing 

definitive comparisons between the relative intensities of spectral features collected from 

different dye tuning ranges. Furthermore, a number of the spectra exhibited a gap in the 

region between 312nmand310 nm. Such spectral gaps are the result of insufficient 

overlap in the signal between the DCM and Rhodamine 640 dye tuning ranges, rendering a 

reasonable combined spectrum difficult to infer. 

Due to the time intensive nature of accumulating a complete spectrum for a given 
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cluster size across four different dye tuning ranges, specific cluster sizes were chosen for 

study rather than scanning every cluster size as had been performed in the case of the 

Al•Arn cluster spectra taken about the Al(4s) +- Al(3p) transition by Whetten and co­

workers. 23
-
25 The cluster sizes for which complete spectra were obtained were chosen for 

two reasons. First, as is seen from inspection of the characteristic mass spectrum 

presented in Figure 2-101 in Chapter 2, a number of the cluster sizes pursued for study 

were "magic numbers." Due to the supposed enhanced thermodynamic stability of these 

cluster sizes, it was believed that the spectra arising from magic number cluster sizes might 

be representative of particularly stable geometrical isomers that might in turn give rise to 

clean, well-defined spectral features characteristic of this atomic configuration. Second, 

the cluster sizes for which spectra were obtained were interspersed in size along the 

salvation shell closings characteristic of Mackay icosahedra that describe the salvation 

behavior ofrare gas clusters.27
-
28 In particular, complete spherical shells of Mackay 

icosahedra would be expected at Al•Ar12 and Al•Ars4, masses for which distinct changes 

can be observed in the mass spectrum (see Figure 2-101 in Chapter 2) characteristic of 

shell closing behavior. The cluster sizes chosen for study were representative of both the 

complete salvation shell closing themselves as well as varying degrees of salvation within 

the first and second Mackay icosahedral salvation shells. 

As is suggested in Figure 5-1, an additional variable that remained unquantified in 

the spectra presented in Figures 5-2 through 5-12 was the degree to which features 

derived from higher clusters fragmenting into the detected cluster si?:e contributed to the 

observed spectral features . To test this, cluster sizes directly adjacent to those presented 
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were scanned over one or more of the dye tuning ranges (data not shown). In no case 

above the Al•Ar6 cluster size was there observed dramatic differences in the absorption 

spectrum between adjacent cluster sizes. Therefore, while cluster fragmentation 

undoubtedly influenced the observed spectrum to some degree, the cluster sizes for which 

complete spectra were obtained are believed to be mostly representative of a fairly narrow 

size distribution. 

A final comment is warranted regarding the presence of structural isomers in the 

observed spectrum for a particular mass. During the course of the experiments, it was 

discovered that the relative intensities of certain spectral features were highly sensitive to 

changes in the source conditions employed to generate the clusters - an observation highly 

indicative of the presence of structural isomers present in the UV cluster absorption 

spectra characteristic for each mass. Therefore, there exists some ambiguity by mere 

examination of the experimental spectra whether closely spaced features derive from 

different electronic interactions within a single cluster isomer, or from interactions of a 

single electronic state among many different isomers of a specific cluster size. 

5. 3. 1. J. Salvation Trends up to Al•Ar 6 

A comparison of the optical absorption spectra for Al•Ar3, Al•Ars, and Al•Ar6 is 

presented in Figure 5-13 . All of the spectra exhibit two primary features, one peak being 

red-shifted relative to the atomic Al(3d) ~ Al(3p) transitions centered around 308 nm, the 

other blue-shifted. For the Al•Ar3 cluster, the red-shifted absorptio~ feature was fairly 

broad, and was centered at approximately 312.5 nm. This represented a sizable shift of 
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roughly 450 cm-1 relative to the atomic aluminum transitions. For Al•Ars, a similar 

absorption feature centered at approximately 313.5 nm was observed that strongly 

resembled that seen in the Al• Ar3 cluster. In addition, a second absorption feature was 

present that manifested itself as a red-shifted shoulder relative to the main peak centered at 

roughly 316 nm. A weak intensity red-shifted feature relative to the main peak of Al•Ar3 

centered at 3 18 nm was also present, but whether these two features are of the same 

origin remained unclear. 

The apparent red-shifted doublet feature observed with the Al• Ar5 cluster became 

especially pronounced by Al• Ar6, appearing as two equally intense and distinct peaks. 

Intriguingly, the red-shifted doublet seen in the Al• Ars cluster underwent a slight blue-shift 

from Al•Ars to Al•Ar6 such that the center of the doublet feature lay at approximately the 

same energy as the peak maximum for the Al•Ar3 cluster. The peak maxima for the red­

shifted features in the Al• Ar6 cluster appear at approximately 311 nm and 314 nm. 

As shown in Figure 5-13, all three cluster sizes exhibited a broad blue-shifted 

feature that varied considerably in spectral breadth between the three different cluster 

sizes. For Al•Ar3, the blue-shifted peak maximum appeared to be centered at about 302 

nm, which shifted slightly to the blue upon higher degrees of solvation seen in the Al•Ars 

and Al• Ar6 spectra. 

5.3.1.2. Solvation Trends up from Al•Ar6 to Al•Ar12 

As the clusters evolve towards the icosahedral shell closing of the first solvation 

shell, the spectral trends remain fairly static, resembling strongly the spectral 
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characteristics exhibited by the Al•Ar5 andAl•Ar6 cluster sizes. Figure 5-14 shows the UV 

absorption spectral changes that occur between the Al• Ar6, Al• Ar7, and Al• Ar12 clusters. 

The Al• Ar1 cluster exhibited a red-shifted feature that was significantly broadened relative 

to Al• Ar6, even though the peak maximum remained centered between the doublet feature 

of the latter cluster. In addition, there may have been an additional weak feature centered 

near the atomic aluminum transitions centered near 308 nm. However, due to the 

difficulty mentioned above concerning the best manner to join the DCM and Rhodamine 

640 spectra in the region between 312 nm and 310 nm, this feature may merely be the blue 

edge of a significantly broadened feature. 

By Al•Ar12, a well-defined red-shifted doublet was once again apparent that was 

significantly less broadened than the absorption feature present in the Al• Ar7 cluster. Both 

peaks of the doublet were slightly red-shifted relative to those seen in Al•Ar6, appearing at 

316.5 nm and 313 .5 nm. Somewhat surprisingly, the spectra obtained for red-shifted 

feature of the Al•Ar5 and theAl•Ar12 cluster were almost perfectly identical both with 

respect to relative frequency shifts and relative peak intensities. In fact, if the two are 

overlapped, almost no distinction can be made between the two spectra. This was 

strongly suggestive of a similar metal atom binding site in both the Al• Ar s and Al• Ar 12 

clusters. 

As was the case with the Al•Ar3 to Al•Ar6 cluster size range, a broad blue-shifted 

feature was observed in both the Al• Ar1 and Al• Ar12 spectra. A rather distinct peak 

maximum was evident in the case of Al•Ar1 at approximately 301.5 J?ID- The peak 

maximum for the blue-shifted feature for the Al• Ar12 cluster was only slightly more blue-
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shifted relative to Al•Ar1, centered at perhaps 300.5 run. 

Overall, for the first solvation shell, one observed a prominent red-shifted 

absorption relative to the atomic aluminum transitions near 3 08 run. Upon increasing 

solvation by argon beyond the Al• Ar3 cluster size, this feature manifested pronounced 

doublet character, the two individual features exhibiting red-shifts on the order of 870 

cm·1 and 570 cm·1 respectively. In addition, a broad, blue-shifted feature was consistently 

observed centered in the region of 302 run to 300 run, an overall blue-shift of 

approximately 850 cm·1
. 

5.3.1.3. Salvation Behavior Within the Second Salvation Shell: Al•Ar12 to Al•Ar47 

Figure 5-15 presents the progressive solvation behavior observed upon increasing 

solvation within the second icosahedral salvation shell. As was the case with the spectra 

collected for the different cluster sizes of the first salvation shell, the spectra of the 

clusters composing the second salvation shell consisted of a prominent red-shifted feature 

relative to the atomic aluminum transitions near 308 nm, as well as a broad blue-shifted 

feature. With the Al•Ar1s cluster, one observed essentially no additional spectral shift in 

the red-shifted feature, although the appearance of an extended tail on the blue edge of the 

feature was noted. The blue-shifted feature for the Al• Ar1s cluster is difficult to discern 

above the background, presumably due to a high degree of fragmentation of the larger 

clusters. By Al•Ar25 , the red-shifted feature began to show a slight additional spectral 

shift to the red on the red edge of the absorption feature. Both red-~hifted absorption 

features for the Al• Ar25 and Al• Ar34 clusters are similar in their spectral breadth and 
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relative position. The extensive broadening of the red-shifted absorption features for the 

Al• Ar2s and Al• Ar34 clusters was presumably due to a number of isomeric forms of each 

cluster being detected. Similar to the case of the Al•Ar1s cluster, the blue-shifted feature 

for Al• Ar2s and Al• Ar34 was largely obscured by a significant fragmentation background. 

Unexpectedly, the absorption spectrum for the Al•Ar41 cluster was remarkably 

uncongested, with clearly defined spectral features evident. Two red-shifted features were 

discernible. The most red-shifted feature was an almost symmetrical peak centered at 

almost 319 nm. The exact peak maximum and contour for the other red-shifted feature 

was indeterminate due to a gap in the spectrum between 312 nm and 3 10 nm caused by an 

inability to unambiguously join the spectra collected from the DCM and Rhodamine 640 

dye tuning ranges. Nevertheless, a reasonable estimate for the peak maximum appearing 

at approximately 311 nm can be inferred. 

A broad-blue-shifted feature can be clearly distinguished centered between 302 nm 

to 301 nm. The shape and spectral shift of the blue-shifted feature was similar between 

Al•Ar12 and Al•Ar47, indicative of the fact that the electronic interactions that gave rise to 

this feature were largely unaffected by increasing salvation within the second solvation 

shell. 

A comparison between the red-shifted feature observed in the Al• Ar2s and Al• Ar34 

clusters and that of the Al•Ar41 cluster revealed that the overall spectral breadth of the 

observed absorption feature were very similar. Nevertheless, the Al•Ar41 cluster was 

relatively uncongested near the center of the absorption feature unli~e the other two 

cluster sizes. The lack of spectral congestion within the Al• Ar41 cluster may be indicative 
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of a lack of different isomeric forms of this cluster in favor of a single particularly stable 

atomic configuration. 

An additional interesting observation was that the two red-shifted features of the 

Al•Ar41 cluster may derive from the doublet features observed in both the Al•Ar6 and 

Al• Ar12 cluster sizes. If, in fact, these features do arise from analogous electronic 

interactions, then we see that the more red-shifted peak of the doublet undergoes an 

additional red-shift of approximately 200 cm-1 upon increasing salvation from Al• Ar12 to 

Al• Ar47. Likewise the more blue-shifted peak undergoes a slight blue-shift upon 

increasing salvation from Al• Ar12 to Al• Ar41, exhibiting a spectral shift of approximately 

250 cm-1
. 

5.3.1.4. The Second Icosahedral Salvation Shell Closing at Al•Ar54: Comparisons with 

the Al•Ar 6 and Al•Ar12 Clusters As Well As the Bulk Matrix Spectrum 

The absorption spectrum for the Al• Ars4 cluster corresponding to the completion 

of the second icosahedral salvation shell is shown in Figure 5-16. In addition, Figure 5-16 

directly compares the Al• Ar54 absorption spectrum to those collected for the Al• Ar6 and 

Al•Ar12 clusters as well as that obtained from the bulk matrix work. The Al•Ars4 

absorption spectrum was dominated by a prominent, broad red-shifted absorption feature 

centered at approximately 319. 5 nm. The absorption maximum for this peak was slightly 

more red-shifted that that observed for the Al•Ar41 cluster. In addition, the spectral 

breadth of the Al•Ar54 cluster was significantly broadened on both the red and blue wings 

· of the absorption feature relative to the most red-shifted feature of the Al•Ar41 cluster. 
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Overall the main Al• Ars4 red-shifted absorption feature demonstrated a significant spectral 

shift of approximately 1150 cm-1 to the red of the atomic transition at 308 nm. 

While being largely obscured by a sizable fragmentation background, there existed 

nevertheless some evidence that a second absorption feature may be present near the 

atomic aluminum transitions near 308 nm. Such a feature would correspond to the more 

red-shifted absorption feature of the red-shifted doublet observed in the Al•Ar47 cluster, 

albeit shifted slightly more to the blue relative to the latter cluster. Any evidence for a 

blue-shifted feature observed in a number of the cluster sizes within the first and second 

salvation shells was obscured by a large fragmentation background in the Al• Ar54 cluster. 

A rather unusual salvation trend, therefore, was exhibited by the clusters. As is 

clearly shown in Figure 5-16, the most prominent cluster absorption feature shifted 

strongly to the red with increasing salvation. In fact, the magnitude of the spectral shift 

trend observed in the clusters was dramatically opposite to that observed in the bulk 

matrix spectrum. By Al•Ar54, the magnitude of the red-shift for the primary absorption 

feature, namely 1150 cm-1
, represented a sizable fraction of the magnitude of the spectral 

shifts (1900 cm-1 and 2500 cm-1 respectively) for matrix absorption doublet feature 

presently assigned as arising from the Al(3d) ~ Al(3p) transitions. 

5.3.1.5. 2vis + lvis Single-Color Multiphoton Ionization of Al•Ar6 andAl•Ar12 

In addition to the l 'uv + lvis two-color multiphoton ionization spectra collected for 

the different sized clusters within the first and second icosahedral salvation shells, 

2vis + lvis single-color ionization studies were also attempted on these same cluster sizes. 



389 

By employing such an approach, we became sensitive to nominally two-photon allowed 

transitions that would arise from transitions to the Al( 4p) + Ar electronic manifold whose 

asymptotic energy lies approximately 520 cm-1 above the asymptote for the Al(3d) + Ar 

electronic manifold.22 Experimental characterization of the electronic spectroscopy of the 

Al(3d) ~ Al(3p) and Al(4p) ~ Al(3p) transitions in the diatomic Al•Ar molecule have 

been comprehensively detailed in Chapter 3 of this thesis. The results from the diatomic 

work provided convincing evidence for electronic state mixing within the diatomic Al• Ar 

van der Waals molecule between the electronic states arising from the excited Al( 4p) + Ar 

and Al(3d) + Ar electronic manifolds. As a result, the larger cluster spectra were likewise 

probed to explore the possibility whether electronic state mixing effects between the 

Al(3d) and Al( 4p) electronic manifolds were indeed observable within the same spectral 

region. 

Due to the weak nature of the Al(4p) ~ Al(3p) transition intensities, single-color, 

two-photon spectra of the clusters were difficult to obtain. Significant intensity was not 

observed in clusters larger than Al• Ar12. Furthermore, only within the DCM dye tuning 

range was the ion intensity significant enough to achieve a reasonable signal to noise 

spectrum. Therefore, the 2vis + lvis single-color spectra on the cluster systems was not 

able to be acquired to the breadth that was achieved with the l 'w + lvis two-color 

multiphoton ionization work presented above. 

Nevertheless, two spectra that were successfully acquired were particularly 

noteworthy. Figures 5-17 and 5-18 show the 2vis + lvis single-color _ionization spectra 

collected for Al•Ar6 and Al•Ar12 over the DCM dye tuning range, a region lying to the red 
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of the atomic aluminum transitions near 308 nm. Comparison with the l 'uv + lvis two­

color multiphoton ionization spectra for Al• Ar6 and Al• Ar12 presented in Figure 5-18 

clearly demonstrates noticeable coincidence in the spectral behavior. Namely, both of the 

spectral features obtained from the 2vis + lvis spectrum coincided remarkably well with the 

more red-shifted peak of the red-shifted doublet feature observed in the l 'uv + I vis spectra 

for Al•Ar6 and Al•Ar12 - even mimicking the slight red-shift observed in going from Al•~ 

to Al•Ar12. Such behavior raised the intriguing possibility that the red-shifted doublet 

features observed in the l 'uv + lvis spectra for Al•Ar6 and Al•Ar12 were derived from two 

dramatically different electronic interactions within the Al(3d) electronic manifold, one 

being largely uncoupled from the Al( 4p) electronic manifold while the other having 

acquired substantial Al( 4p) character. Likewise, the fact that the mixed electronic state 

band exhibited the more extreme red-shift was suggestive of the fact that a net 

stabilization between the aluminum atom and the bulk of the cluster was attained as a 

direct consequence of the state mixing interaction. 

5.3.2. Balling and Wright Model Simulations of Al•Arn Cluster Structure and 

Electronic Spectrum 

In an attempt to rationalize the unusual spectral behavior observed in the Al• Arn 

clusters by l 'uv + lvis two-color and 2vis + lvis single-color multiphoton ionization 

spectroscopy, classical Monte Carlo simulation techniques were performed as a result of a 

collaborative effort with Jeff Sheehy and Jerry Boatz. All of the theoretical work 

described in this chapter derived from work performed by Jeff Sheehy and Jerry Boatz at 
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Phillips Laboratory, Edwards Air Force Base, and for which preliminary results have been 

reported. 29 

Presently, the absorption spectrum of three cluster sizes - Al•Ar,, Al•Ar12, and 

Al• Ars4 - have been simulated using a methodology originally proposed by Balling and 

Wright. 30
•
31 The Balling and Wright model is a simple pair-wise potential additivity 

approach that neglects all higher order interactions beyond the two-body terms. In 

addition, this model also neglects subtle electronic effects since the transition dipole 

moment is assumed to be constant across the region where vertical allowed transitions 

between the ground and excited potentials occur. 

The Al•Ar diatomic potential curves generated by Jeff Sheehy for the Al(3p)•Ar, 

Al(4s)•Ar, Al(3d)•Ar, and Al(4p)•Ar electronic manifolds were presented in Section 3.5 .3. 

of Chapter 3 . These potentials were then used by Jerry Baatz to generate minimum 

energy structures for the Al•Ar,, Al•Ar12, and Al•Ars4 clusters. In all cases, the most 

energetically favorable site for the aluminum atom was on the surface of the cluster as was 

observed in the case of the Ba•Arn clusters.11 The simulated minimum energy cluster 

structures are presented in Figures 5-19 and 5-20. In general, the aluminum atom was 

observed to cause minimal distortions to the icosahedral packing structure of the Arn 

clusters directly adjacent to the aluminum atom binding site, nearly maintaining the 

original cluster symmetry. Attempts to uncover a stable interior site were hampered by 

the proclivity demonstrated by the aluminum atom for migration to the cluster surface, 

yielding only metastable interior sites. 32 

Using these calculated minimum energy structures, absorption spectra for the three 
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cluster sizes were generated at three different temperatures about the Al(3d) ~ A1(3p) 

atomic transitions. These simulated absorption spectra are presented in Figure 5-21 . As is 

evident from inspection of Figure 5-21, three main spectral features were predicted, 

although two remained incompletely resolved in the Al•Ar12 and Al•Ar54 clusters. For 

Al•Ar6, one absorption feature was predicted to lie slightly to the red of the atomic 

aluminum transitions near 3 08 nm, centered almost exactly at 310 nm. In addition, two 

blue-shifted features were observed with the Al• Ar6 cluster, one appearing at 

approximately 306.2 nm while the other was apparent near 303.4 nm. 

For the Al•Ar12 and Al•Ar54 cluster sizes, two primary features were predicted. 

The first was an intense, fairly narrow absorption feature centered at 308.8 nm and 308.6 

nm for the Al•Ar12 and Al•Ar54 clusters respectively. This feature was essentially 

coincident with the atomic transition. The other feature, a broad blue-shifted feature, was 

predicted that was centered around 303.8 nm and 303 .6 nm for the Al•Ar12 and Al•Ar54 

clusters respectively. 

In an attempt to determine whether an interior site could possibly give rise to the 

observed red-shifted feature, constraints were placed on the relaxation method by which 

the minimum energy structure was derived. The constraints placed on the model were 

somewhat umeasonable since they prevented the minimum energy relaxation pathway for 

the aluminum atom to migrate to the surface of the cluster. Nevertheless, a simulated 

absorption spectrum could be attained for these metastable interior states. All the 

observed spectral features were predicted to undergo a significant b~ue-shift in the case of 

interior salvation. 32 In fact, the simulated spectra that were generated were more 
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characteristic of the bulk matrix spectrum rather those derived from the surface solvated 

minimum energy structure. 

5.4. Discussion 

At present, there remains an incongruity between the observed cluster spectra 

derived from l 'uv + lvis two-color and 2vis + lvis single-color multiphoton ionization 

spectroscopy and the results of the classical simulations. While Balling and Wright level 

models have successfully predicted the small spectral red-shifts observed in the electronic 

spectroscopy of single barium atoms surface solvated on Arn clusters, the red-shifts were 

nevertheless small in magnitude - only about 200 cm-I for a cluster as large as Ba• Ar3850 . 

The observed spectral red-shifts for the Al• Arn were therefore anomalous in two respects. 

First, the sheer magnitude of the red-shifted absorption features for the Al•Arn clusters 

was uncommonly large. In particular, the 1150 cm-I red-shift for the main absorption 

feature of the Al•Ar54 cluster was unprecedented compared to other previously studied 

metal-rare gas cluster systems. Such large shifts were in marked contrast to the results of 

the simulations that predict a small red-shift of 200 cm-I in one of the three primary 

spectral features only for the smallest Al•Ar6 cluster. After the Al•Ar6 cluster, increasing 

degrees of solvation such as those present in the larger Al• Ar12 and Al• Ars4 clusters were 

predicted exhibit no red-shifted absorption features - a prediction which is clearly 

contradicted by the experimental results. 

The second exceptional characteristic of the spectroscopic Al•Arn cluster results 

was that such a prominent spectral red-shift was present with such relatively small cluster 
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s12es. The initial red-shift noted in the Ba• Arn experiments was 100 cm-1 which occurred 

at Ba• Ar 300, 
11 a cluster size approximately an order of magnitude larger than any studied 

during the Al• Arn work. Furthermore, the less red-shifted of the doublet absorption 

features noted in the Al• Ar6 cluster demonstrated a 300 cm-1 red-shift, already exceeding 

the 200 cm-1 red-shift predicted by the classical simulations of the Al•Ar6 cluster. 

From a theoretical perspective, the fundamental origin of the unusual 

spectroscopic behavior manifested in the Al• Arn clusters was enigmatic. In all probability, 

the prediction from the Balling and Wright simulations that the aluminum atom lay at the 

surface of the cluster was correct. Such a conjecture has been recently supported by 

Alexander and co-workers who have employed a modified deterministic/stochastic genetic 

algorithm (DS-GA) approach to predict the minimum energy structures ofB•Arn clusters, 

another Group 13 atom solvated by multiple argon atoms. 33 The results of these 

calculations predicted that in the case of boron, the preferred binding site was on the 

surface of the cluster capping one or more of the polyhedral faces of the Arn cluster. The 

cluster face to which the boron atom was most favored to bind was determined to be that 

polyhedral face to which a maximal number of attractive n-type interactions with the bulk 

cluster would be achieved. In light of the fact that the ground state B• Ar binding energy 

was only approximately 40 cm-1 less than that for ground state Al• Ar, 13
-
17

,
34

-
37 coupled 

with the results of the Balling and Wright simulation, strong evidence suggested that 

surface binding of the aluminum atom to the Arn clusters to be the most plausible salvation 

structure. 

In light of the presumptive surface salvation, the question remained as to the 
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fundamental physical origin of the unusually large red-shifted absorption in the Al• Arn 

clusters. Intuitively, one might expect that the spectroscopic behavior of an atomic 

species bound to the surface of a cluster might strongly resemble that of the bare 

aluminum atom or the diatomic Al• Ar molecule - a statement that essentially reiterates the 

results of the classical simulations. To uncover why this was apparently not the case, a 

complete characterization of the l 'uv + lvis two-color and 2-vis + lvis single-color 

multiphoton ionization spectroscopy of the Al(3d)•Ar ~ Al(3p)•Ar and Al(4p)•Ar ~ 

Al(3p )• Ar electronic transitions were undertaken. The results of this study have been 

extensively documented in Chapter 3 of this thesis. 

Two results that derived from the Al• Ar spectroscopy were potentially relevant the 

possible origin of the extensively red-shifted spectral feature present in the Al• Arn clusters. 

The first was the characterization of a strongly attractive 2 Ll electronic state arising from 

the Al(3d)• Ar electronic manifold. The experimentally observed zero-point bond 

dissociation energy for this state was found to be 663 .5 cm-1
, yielding a 2 Ll 0-0 vibronic 

level that lay approximately 541 cm-1 to the red of the atomic aluminum transitions near 

308 nm. The second exceptional result that arose from the diatomic work was evidence 

for significant state mixing between the 2II(3d) and 2II( 4p) electronic states - a result that 

was likewise observed from the 2vis + lvis single-color multiphoton ionization spectroscopy 

performed on the Al• Ar6 and Al• Ar12 clusters. 

The current hypothesis, therefore, to rationalize the spectroscopy of the Al•Arn 

clusters is as follows. The red-shifted doublet feature most likely ari~es from two separate 

electronic interactions. The less red-shifted of the doublet absorption features presumably 
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derives from a 6-type interaction from the Al(3d) electronic state with the bulk cluster. 

Such an explanation is consistent with the other primary example of metal atom surface 

salvation on a Arn cluster, namely Ba• Arn, where the red-shifted feature derives from a 

n-type interaction from a lone p-electron in the excited state. 9
•
12 

The more red-shifted feature of the doublet absorption features is believed to 

originate from electronic state mixing between the 2Il(3d) and 2Il( 4p) electronic states. A 

primary consequence of such an interaction is the possibility for the formation of hybrid 

orbitals such as those presented in Figure 5-22. For example, the upper schematic of 

Figure 5-22 shows a hypothetical state mixing interaction between a d2 2 and a p2 orbital 

within the aluminum moiety, and its subsequent effect on cluster binding. As a result of 

such a state mixing interaction, the aluminum atom can draw electron density away from 

the cluster surface while at the same time creating a localized partial positive charge 

directly adjacent to the cluster surface. Both of these effects can serve to dramatically 

stabilize the binding interaction of aluminum to the cluster surface, altering what was 

initially a van der Waals-type interaction to a significantly stronger partial ion-induced 

dipole interaction. In fact, one can imagine a scenario where further salvation of the 

aluminum atom by argon serves to systematically increase the coupling between the two 

mixed states - creating an almost synergistic correlation between cluster size (and hence 

net polarizability) and the degree of partial charge character of the hybrid orbital. While 

this hypothesis has no theoretical basis at present, the observation that the 2-vis + lvis single­

color multiphoton ionization spectroscopy absorption feature observ~d in both the Al•Ar6 

and Al•Ar12 clusters closely correlated to the more red-shifted of the doublet features 
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tends to support such a hypothetical picture. 

In an attempt to provide definitive proof of the importance of state mixing 

interactions, new theoretical calculations based on the spectral theory developed by Peter 

Langhoff are presently being pursued by Jeff Sheehy and Jerry Boatz in collaboration with 

Peter Langhoff 38 Unlike the Balling and Wright model, spectral theory can explicitly 

account for electronic state mixing effects by the inclusion of the transition dipole 

moments to the upper state mixed adiabatic potentials. The results of these new 

calculations will be quite useful in trying to definitively support the postulate that state 

mixing effects can have a dramatic effect on the spectroscopy of metal atoms bound at 

interfacial regions. 

5.5. Conclusion 

The results of the 1 'uv + lvis two-color and 2vis + lvis single-color multiphoton 

ionization spectra on Al• Arn clusters (n s 60) present an interesting dilemma presently 

unaccounted for in simple salvation models. The possibility that state mixing effects may 

underlie the dramatic deviation from the expected spectral behavior observed in the Al• Arn 

clusters (n s 60) is quite novel, potentially revealing a hitherto unforeseen facet of the 

intricacies present within solute-solvent interactions. 
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5.7. Figure Captions 

Figure 5-1 Schematic showing the 1 'uv + lvis multiphoton ionization (MPI) 

methodology used for most of the experimental work presented in 

Chapter 5. Also depicted are the possible points at which cluster 

fragmentation could occur during the laser excitation/ionization process. 

For the 2vis + lvis :MPI scheme discussed in Section 5.3.1.5 ., the initial UV 

excitation was replaced with a two-photon pump of equal total energy to 

the original UV single-photon pump. 

Figure 5-2 1 'uv + lvis multiphoton ionization (MPI) spectrum of AI•Ar3 taken about the 

Al(3d) ~ Al(3p) atomic transitions. 

Figure 5-3 l 'uv + lvis multiphoton ionization (:MPI) spectrum of Al•Ars taken about the 

Al(3d) ~ Al(3p) atomic transitions. 

Figure 5-4 1 'uv + lvis multiphoton ionization (MPI) spectrum of Al•Ar6 taken about the 

Al(3d) ~ Al(3p) atomic transitions. 

Figure 5-5 l 'uv + lvis multiphoton ionization (MPI) spectrum of AI• Ar1 taken about the 

A1(3d) ~ Al(3p) atomic transitions. 

Figure 5-6 l 'uv + lvis multiphoton ionization (MPI) spectrum of Al•Ar12 taken about 

the Al(3d) ~ Al(3p) atomic transitions. 

Figure 5-7 l 'uv + lvis multiphoton ionization (:MPI) spectrum of Al• Aris taken about 

the Al(3d) ~ Al(3p) atomic transitions. 

Figure 5-8 l 'uv + lvis multiphoton ionization (MPI) spectrum of Al• Ar2s taken about 

the Al(3d) ~ Al(3p) atomic transitions. 

Figure 5-9 l 'uv + lvis multiphoton ionization (MPI) spectrum of Al•Ar34 taken about 

the Al(3d) ~ Al(3p) atomic transitions. 

Figure 5-10 1 'uv + lvis multiphoton ionization (MPI) spectrum of Al•Ar40 taken about 

the Al(3d) ~ Al(3p) atomic transitions. 
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Figure 5-11 1 'uv + lvis multiphoton ionization (MPI) spectrum of Al•Ar47 taken about 

the Al(3d) ~ Al(3p) atomic transitions. 

Figure 5-12 1 'uv + lvis multiphoton ionization (MPI) spectrum of Al•Ar54 taken about 

the Al(3d) ~ Al(3p) atomic transitions. 

Figure 5-13 Comparison of the UV absorption spectra obtained for the Al•Ar3, Al•Ars, 

and Al•Ar6 clusters taken about the Al(3d) ~ Al(3p) atomic transitions. 

Figure 5-14 Comparison of the UV absorption spectra obtained for the Al•Ar6, Al•Ar7, 

and Al•Ar12 clusters taken about the Al(3d) ~ Al(3p) atomic transitions. 

The Al•Ar12 cluster size represents the closing of the first icosahedral 

salvation shell. 

Figure 5-15 Comparison of the UV absorption spectra obtained for the Al•Ar12, Al•Ar18, 

Al•Ar2s, Al•Ar34, and Al•Ar41 clusters taken about the Al(3d) ~ AI(3p) 

atomic transitions. The cluster sizes are representative of increasing degrees 

of salvation within the second icosahedral solvation shell. 

Figure 5-16 The UV absorption spectrum obtained for the Al•Ar54 cluster representing 

the completion of the second icosahedral salvation shell. The UV 

absorption spectrum of the Al•Ar54 cluster is directly compared to that 

obtained for the Al•Ar6 and Al•Ar12 cluster sizes (top) as well as the bulk 

matrix spectrum (bottom). 

Figure 5-17 2vis + lvis single-color multiphoton ionization (MPI) spectrum of Al•Ar6 and 

Al•Ar6 taken to the red of the Al(3d) ~ Al(3p) atomic transitions. 

Figure 5-18 Comparison of the 2vis + lvis single-color spectra collected to the red of the 

Al(3d) ~ Al(3p) atomic transitions with the UV absorption spectra 

obtained using l'uv + lvis two-color excitation. (a) Al•Ar6. (b) Al•Ar12. 

Figure 5-19 Balling and Wright calculated minimum energy structures for the Al•Ar6 and 

Al• Ar12 clusters generated by classical Monte Carlo simulations performed 

by Jeff Sheehy and Jerry Boatz.29 
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Figure 5-20 Balling and Wright calculated minimum energy structures for the Al•Ar54 

cluster generated by classical Monte Carlo simulations performed by Jeff 

Sheehy and Jerry Boatz.29 

Figure 5-21 Predicted UV absorption spectra for the Al•Ar6, Al•Ar12, and Al•Ar54 cluster 

sizes using the Balling and Wright model.29 

Figure 5-22 Schematic showing how electronic state mixing between the Al(3d) and 

Al( 4p) atomic states can influence the nature of the electronic interaction 

between a surface-solvated aluminum atom and a rare gas cluster. The top 

figure shows the hybrid orbital that results from a state mixing interaction 

between a dz2 and a p2 atomic orbital. The result of this state mixing 

interaction is to draw electron density on the aluminum atom away from the 

cluster surface while creating a localized partial positive charge adjacent to 

the cluster. The bottom figure shows a schematic of analogous hybrid 

orbitals derived from state mixing interactions between dxz,dyz with Px,Py 

atomic orbital configurations. 
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6.1. Introduction 

Alkali metal ions are central to the maintenance of the homeostatic state 

throughout the wide spectrum of living organisms from the simplest single-celled entity to 

human beings. At the most fundamental level, life itself depends upon a proper 

electrolytic balance to control both osmotic pressure within cells as well as electrostatic 

gradients across cell membranes - a role for which sodium and potassium ions are 

unequivocally required. 1-
2 Furthermore, the evolutionary process has conferred upon 

many different phyla the ability to rapidly transmit electrical signals over great distances. 1 

Such adaptations, which ultimately underlie the fundamental cognitive functioning of 

human beings, derive primarily from the acquisition of the ability to control the flux of 

small metal ions, and in particular the sodium ion, across the outer cell membrane. 

The ubiquity of alkali metal ions within living systems suggests that their 

interactions with the constitutive proteins that compose a cell may possibly exert some 

influence upon function. In particular, acidic side-chains from amino acid residues can 

potentially form strong ionic bonds with the solvated metal ions that surround a given 

protein. Rather than serving merely as a cationic counterions for these acidic residues, 

however, the possibility exists that these metal ions could serve a structural role by 

stabilizing interactions between acidic side chains via the formation of salt bridges. 
2 

Nevertheless, whether or not the presence of metal ions has any influence on protein 

structure or function at any level remains mostly uncharacterized at the present time. 

One key metal ion-protein interaction that has been elucidated by Dougherty and 

co-workers is the cation-n interaction. 3
-
6 Previous to this work, a commonly-held 
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assumption was that the interior pore of a channel protein or binding site that served to 

either transport or directly bind some positively charged species must be lined with acidic 

amino acid residues to provide a negatively-charged attractive surface. Using model cage 

compounds consisting of a primarily hydrocarbon-based aromatic framework, Dougherty 

and co-workers somewhat unexpectedly discovered that an unusually strong interaction 

could be observed between the aromatic moieties lining the cage and the cationic end of a 

heterophillic protonated alkylamine compound within the cage. 6 The subsequent 

discovery of aromatic side chains near the binding site for acetylcholine from x-ray 

analysis of acetylcholine esterase and the nicotinic acetylcholine receptor provided strong 

evidence that the presence of aromatic residues could in fact stabilize the binding of 

positively-charged ligand within functional biological systems. 6 Similar observations have 

been obtained from the x-ray structure analysis of the interior pore of potassium ion and 

sodium ion channels - those that directly underlie the physiology of neurotransmission 

among other key activities. 6 Ultimately, a simple model where coulomb electrostatics 

primarily determines the binding behavior between a charged species and the target protein 

has been superseded by a more subtle model. In particular, the dipole and higher 

multi pole moments each amino acid side-chain residing within the active site of the protein 

are now recognized as exerting considerable influence on functional behavior; and hence 

must be characterized in order to obtain a proper description of a particular physiological 

interaction. 

Working at the level of the solvated protein, it is exceedingly difficult to obtain 

quantitative details of the electrostatic interactions between a specific amino acid side-
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chain residue and a charged species. To remove these complexities, gas phase molecular 

beam spectroscopy of the weakly-bound dimeric species consisting of only the portion of 

the amino acid side-chain most critical to determining the binding interaction with the 

charged moiety can be fruitful. Such an approach permits a detailed dissection of the 

electrostatic contributions ranging from purely coulombic forces all the way down to the 

van der Waals induced dipole-induced dipole interaction. 

Following the experiments related to the Al•Arn (n = 1-60) work presented in 

Chapter 3 through Chapter 5, complexes between alkali metals and both carbon dioxide 

(CO2) and benzene were chosen as experimental targets. Both of these alkali atom-

solvent systems bear considerable relevance to the systematic investigation of alkali metal 

ion interactions with amino acid side-chain residues. With respect to the alkali metal­

(CO2) system, theoretical calculations predict that the ground states for both the Li•(CO2) 

and Na•(CO2) species possess considerable charge-transfer character.7 In other words, the 

ground electronic state is better characterized as being highly ionic, resembling Lt•(CO2r 

and Na+•(CO2r rather than a weakly bound van der Waals complex. In addition, the 

ground state CO2 bond angle in both complexes is calculated to be significantly bent to an 

angle of 130° due to the charge transfer from the alkali atom valance orbital into the CO2 

n*-antibonding molecular orbital.7 The presence of a bent, highly negatively-charged CO2 

species is reminiscent of both the geometry and charge distribution of the carboxyl end 

group present in aspartate as well as glutamate amino acid side-chain residues. 2 

Therefore, characterization of these alkali metal-(CO2) complexes by_ either RE11PI or ion 

dip methods offers the possibility that detailed information concerning the contributions of 
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the principal electrostatic interactions between an alkali metal ion and the acidic side­

chains of aspartate and glutamate may be quantitatively achieved. 

The other system targeted for study, namely alkali metal-benzene complexes, is 

likewise highly relevant because it provides a means by which to definitively probe the 

fundamental nature of the cation-n interaction. In particular, aromatic amino acid residues 

such as those possessed by tyrosine, tryptophan, and phenylalanine can be approximated 

to a reasonable degree as being composed of a single benzene molecule. 2 While some of 

the subtle secondary electrostatic effects due to the additional substituents of the native 

amino acid aromatic ring are lost in such an approximation, the basic physical character of 

the n-cation interaction should nonetheless remain largely intact. 

Alkali metal-benzene complexes are quite amenable for the systematic 

investigation of the n-cation interaction because of the development of several high­

resolution photoelectron methodologies developed over the past decade. Specifically, 

techniques based on the zero electron kinetic energy (ZEKE)8 and mass-analyzed 

threshold ionization (MATI)9
-
12 methodologies have both been successfully demonstrated 

to yield vibrationally-resolved spectra of the ionic ground state of weakly-bound 

complexes. In the case of the former, even subwavenumber resolution can be commonly 

achieved. As a result, the implementation of the ZEKE or MA TI techniques towards the 

study of alkali metal-benzene complexes offers the possibility for the direct observation of 

high-resolution spectra of the ionic ground state of alkali metal-benzene complexes. 

The salient strength of both of the ZEKE and MATI approaches originates in part 

from the fact that they are both intrinsically ionization-based techniques that are, in 



431 

principal, no more difficult to perform than other l\1Pl-based techniques. Both 

methodologies are based upon the initial excitation of a valance electron from the ground 

state of the neutral complex into the high-density manifold of electronic Rydberg states 

that converge to the ionic ground state. s-12 This initial excitation can occur either through 

a resonantly-enhanced scheme via some intermediate excited state of the neutral complex, 

or by direct single-photon excitation to an energy region just beneath the ionization 

threshold. With the ZEKE method, a small DC stark shift is employed to field-ionize and 

subsequently detect the excited Rydberg electrons just under threshold after a fixed time 

delay (typically about 1-10 µs). 8 The MA.TI technique (as well as other close variants) are 

similar in spirit to ZEKE, except that the formation of the ionic species itself rather than 

the photoelectron is detected as a result of a temporally-controlled threshold ionization 

process. 9-
12 

In order to begin the investigation of alkali metal-containing van der Waals 

complexes, a new laser vaporization source needed to be developed in order to 

accommodate the complications involved when employing an ablation target other than 

those from refractory elements such as aluminum. Due to the soft nature of the alkali 

metals, a target rod source such as that used in the third generation laser vaporization 

source (see Section 2.2.4.3. in Chapter 2) was deemed somewhat impractical due to the 

difficulty in obtaining ( or creating) a mechanically stable alkali rod. Consequently, a new 

source design was envisioned that utilized a flat, circular target disk as the ablation target. 

The remainder of this chapter serves to detail the development of thi~ new disk target laser 

vaporization source that will be implemented over the course of the following months to 
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produce alkali metal-solvent van der Waals complexes. 

6.2. Design of the Disk Target Laser Vaporization Source 

A complete set of machine drawings for the component parts of the new laser 

vaporization source design are presented in Appendix 1. The part numbers referred to 

throughout the remainder of this chapter correspond to the individual part numbers 

designated on the machine drawing for each of the various components. 

The first consideration that needed to be accounted for in the new design was the 

best manner in which to properly mount the alkali target material into the source. Rather 

than rely on the mechanical stability ( or lack thereof) of the target material, a OFHC 

copper target sample holder (see Part #2 in Appendix 1) was designed to mechanically 

support the alkali target material of interest. In order to install the alkali material into the 

target sample holder, a custom designed stainless steel target press ( see Parts # l 9a-19d in 

Appendix 1) was designed. The manner in which functional alkali metal targets can be 

fabricated is as follows. First, the target sample holder is inserted directly into Part # 19a 

as shown in the assembly drawing for Part #19. Part #19a was designed with two 2-56 

UNC tapped holes positioned on opposite sides of the piece that were tapped directly into 

the center region of the piece. These 2-56 UNC tapped holes served to mount a 2-56 

UNC threaded rod. The purpose of this rod was to support the stainless steel drive pins 

that were press fit into the target sample holder (see Part #2 in Appendix 1). By threading 

the 2-56 UNC threaded rods such that they seated directly onto the ends of the stainless 

steel drive pins of the target sample holder, one could ensure that the drive pins would not 
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be dislodged as a result of the force of the press. Once positioned, these 2-56 UNC 

threaded rods were to be secured into position by a 2-56 UNC locknut that seated directly 

against a flat positioned around each of the 2-56 UNC tapped holes. 

To assemble the press, Part #19a (with Part #2 already mounted inside) was then 

precisely positioned between Part # 19b and Part # 19c ( see Part # 19 assembly drawing in 

Appendix 1) via the use of a 1.250" diameter precision keyed counterbore machined into 

both pieces. Part #19b was then firmly bolted to Part #19c by a set of four 8-32 UNC 

socket head cap screws. With the press now assembled, the target sample holder was 

effectively sandwiched into the center of the press. In addition, the 0.500" inner diameter 

of the target sample holder was perfectly aligned with the 0.500" diameter central channel 

of Part #19c. 

The target press was specially designed such that the alkali targets could be 

generated under oil to limit the oxidation of the exposed surfaces upon exposure to air. In 

order to make a target, the entire press is to be submerged within a bath of mineral oil. 

The alkali metal of choice is then inserted down the central channel of Part #19c and 

loosely installed within the target sample holder. The amount of alkali material should be 

sufficient to completely fill the target sample holder once the target material has been 

compressed. The stainless steel press plunger (see Part #19d in Appendix l)is then 

inserted into the central channel of Part #19c. A vice or press can then be employed to 

forcibly compress the soft alkali material into a solid contiguous mass that completely fills 

the target sample holder. Relief channels machined into the bottom_surface of Part 19c 

then extended radially from the target sample holder to the exterior surface of the press 
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serve to remove the mineral oil displaced as a result of the compression process. 

The press has been designed in such a way that the smooth target face will always 

be formed against the flat surface of Part #19b. The opposite side of the target sample 

holder will typically possess excess material that extends beyond the edge of the target 

sample holder. To remove this material, Part #19c can be unbolted from Part #19b and 

removed, leaving Part # 19a seated within Part # 19b for support. At this point, the excess 

alkali material extending from the end of the target sample holder will be exposed, and can 

be trimmed away with a razor blade to create a flat surface. Once the alkali target sample 

holder is subsequently removed from Part # 19a of the press assembly, it is ready for 

installation into the source. 

The other primary design consideration that needed to be addressed was the 

problem posed by the reactivity of the alkali metal surface. Previous experience with 

alkali metal laser vaporization targets in vacuo from work performed in the Whetten 

group had demonstrated that stable sources of alkali metal atoms were difficult to 

achieve.13
-
14 The underlying cause was found to derive from the fact that all alkali metals 

act as very effective "getters" even in a UHV environment. Consequently, a clean target 

surface was difficult to obtain even after several passes of the ablation laser since the 

freshly exposed surface quickly re-oxidized due to trace oxygen and water in-the UHV 

environment. To combat the oxidation problem, it was found that cooling the alkali metal 

target to liquid nitrogen temperatures dramatically reduced to reactivity of the exposed 

surface, and in turn significantly improved the stability of the laser v~porization source. 

While it was found that lithium could often be used without liquid nitrogen cooling due to 
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its lower degree of reactivity with respect to oxidation, use of all other alkali metals was 

found to absolutely require cooling of the ablation target. 

In order to permit the alkali target to be cooled to liquid nitrogen temperatures, the 

new source was designed around an OFHC copper liquid nitrogen reservoir housing ( see 

Part #3 in Appendix 1). The housing possessed a 0.375" diameter through-hole through 

the face of the piece along the vertical center line that served to mount a stack of four 

precision radial ball bearings (57155K36. McMaster-Carr) that were press-fit into place. 

The 0.250" diameter central bore of the precision radial ball bearing stack was designed to 

slip fit the neck of the OFHC copper rotatable disk target mount (see Part #1 in Appendix 

1). In essence, the rotatable disk target mount served two purposes. First, this piece was 

designed to slip-fit the target sample holder, thus serving as the new target mount for the 

new source design. Two 0.100" wide grooves were likewise machined into the disk target 

mount to accommodate the stainless steel drive pins of the target sample holder. This 

design feature ensured that the alkali target could be effectively rotated without the 

possibility that the target sample holder would rotate freely within the target mount should 

the target sample contact the nozzle piece during the course of an experiment. The 

second function of the rotatable target mount was that it served as a thermal coupling 

between the liquid nitrogen reservoir and the target sample itself To ensure maximal 

thermal coupling between the alkali target sample and the target mount, a chemically inert 

grease should be applied to the base of the target mount to guarantee maximal thermal 

conductivity to the target disk. This grease, once frozen, would also_ effectively act as 

adhesive to secure the target disk securely within the mount. 
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The remaining components of the source design consisted of pieces that served to 

form a cart around the liquid nitrogen-cooled reservoir similar to that designed for the 

third generation laser vaporization source discussed in Section 2.2.4.3. While somewhat 

different in design than the cart designed for the target rod laser vaporization source, the 

two cart designs were nevertheless completely interchangeable. In addition, both cart 

designs were mounted within the same structural framework designed and implemented as 

a result of the development of the third generation laser vaporization source as will be 

discussed in more detail below. 

As was the case with the target rod laser vaporization sources presented in 

Chapter 2, two degrees of motion were desired for the target alkali metal disk mounted to 

the liquid nitrogen reservoir. The first was rotary motion of the target disk sample that 

could be achieved merely by rotating the target sample mount within the frictionless rotary 

ball bearings of the liquid nitrogen-cooled housing. The second degree of freedom 

envisioned for the new source was vertical motion that would be implemented in concert 

with the rotary motion. The rationale behind this design was that such concerted motion 

would permit a continually spiraling ablation pattern to become etched into the surface of 

the target that would only infrequently overlap with a previously ablated point. By 

randomizing the ablation surface rather than constantly ablating along a singleradial track, 

the stability of the source should be markedly improved. 

Because of the usable face of the alkali metal target sample is only 0.500" in 

diameter in the new source design, the vertical motion of the new c~ would exhibit a 

much faster temporal period compared to the cart designed for the third generation target 
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rod laser vaporization source. In the latter cart, stainless steel drill bushings were 

employed to secure without play the target rod cart to the vertical rails along which the 

cart executed its vertical motion. For the new disk target cart, however, the decision was 

made to mount the cart to the rails through the use of linear ball bearings. This ensured 

that smooth travel would be maintained at the extrema points of the vertical motion which 

had been observed to offer slight mechanical resistance in the target rod cart design. 

To implement a linear ball bearing design, however, a slight modification was 

required to the vertical rails assembly along which the cart would execute its travel. In 

particular, the wider diameter oflinear ball bearing housings compared to the drill 

bushings necessitated that the vertical rails that originally installed in the third generation 

laser vaporization be more widely separated from the original 0.440" center-to-center 

distance to a new 0.675" center-to-center distance. To retrofit the new rails to the third 

generation laser vaporization source, adapter pieces ( see Part # 15 through Part # 18 in 

Appendix 1) were designed that would enable the new vertical rail system to be installed 

without any additional changes to the rest of the third generation source design. To 

convert from the target rod source to the target disk source, the original vertical rails are 

removed from the internal frame and replaced with four short 1.000" - 1.500" long 

precision ground shafts of equal diameter - two placed in each the upper and -lower carts 

mounted to the internal frame (see Part #3a and Part #6 in Figure 2-64 in Chapter 2). 

These shortened shafts were then secured to the internal frame carts by the use of the 

custom collar (see Part #3b in Appendix 4) previously employed in the target rod design. 

The target disk vertical rail system then directly mounted to the shaft stubs extending from 
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both the upper and lower internal frame cart. In particular, Part #15 and Part #17 were 

custom-designed collars that clamped directly onto the shaft stubs present in the upper and 

lower internal frame carts respectively. Finally, Part #16 and Part #18 were bolted to Part 

#15 and Part #17 respectively to complete the retrofit. Both Part #16 and Part #18 

possessed a drill bushings that has been press-fit into place to accommodate the new pair 

of vertical rails at the proper center-to-center distance. 

The basic framework of the cart into which the liquid nitrogen-cooled housing is 

mounted was composed of Part #4, Part #5, Part #6, and Part #10. Both Part #4 and Part 

#5 have been specifically designed to minimize heat conduction since they both lie 

immediately adjacent to the liquid nitrogen-cooled housing. Part #4 was a stainless steel 

adapter piece that served to couple the Vespel SP-I standoffs (Part #5) to the liquid 

nitrogen-cooled housing. Part #4 was secured to the liquid nitrogen cooled housing by an 

intrinsic clamp mechanism that mounted through two pairs of holes machined near the 

upper and lower edges of the liquid nitrogen-cooled housing. The purpose of the 

standoffs was to permit the liquid nitrogen-cooled housing to be coupled to the rest of the 

cart frame while minimizing heat conduction. Vespel SP-I was a perfect choice of 

material for this function because of its strength, its low thermal conductivity, and its 

usable temperature range that extends into liquid nitrogen temperature regime. Likewise, 

by tapping a 4-40 UNC threaded central hole along the length of the Vespel SP-1 

standoff, heat conduction was further limited. 

To complete the frame of the cart, the liquid nitrogen-cooled housing with the 

attached Vespel SP-1 standoffs was fastened to the stainless steel upper and lower cart 



439 

plates (see Part #6 in Appendix I) by bolting both plates directly to the Vespel SP-I 

standoffs. The stainless steel back plate of the cart ( see Part #6 in Appendix I) was then 

joined to the upper and lower cart plated by standard right angle brackets purchased from 

Kimball-Physics, thus resulting in a rigid frame. The thicknesses of all the stainless steel 

plated was minimized to limit heat conduction through the frame. Similarly, significant 

portions of the back plate were machined away to further limit heat conduction through 

the assembled piece. 

In order to permit precise linear motion of the cart along the vertical rails, four 

custom linear ball bearing housings were designed. After the linear ball bearings 

(6064K5 l, McMaster-Carr) were press-fit into place, a pair oflinear bearing housings 

were directly bolted to each the upper and lower plates of the disk target cart. To couple 

the cart to the screw drive assembly of the third generation laser source that would drive 

the vertical motion of the cart, a custom rotary ball bearing mount (see Part #8 in 

Appendix I) was designed. Since the vertical motion was to be driven by the 1/4-80 drive 

screw of the screw drive assembly installed within the third generation laser vaporization 

source, a freely-rotating coupling needed to be designed to join the drive screw to the 

target disk cart. Part #8 was designed to permit the installation of an rotary ball bearing 

that would serve as the basis for the requisite rotary motion. Within the central bore of 

the rotary ball bearing was then installed a stainless steel coupling (see Part #9 in 

Appendix I) . This coupling possessed a flange on its lower surface rather than an external 

retaining ring to ensure that the piece would bear the weight of the cart without any risk of 

slippage. With the coupling installed within the rotary bearing, Part #8 was then fastened 
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to the upper plate of the target disk cart, and subsequently joined to the drive screw of the 

screw drive assembly of the third generation laser vaporization source. 

As a result of the complete assembly of the previously described components, the 

desired vertical motion of the new disk cart laser vaporization source was fully 

operational. The remaining components of the design were related to the implementation 

of the second desired degree of motion, namely the rotary motion of the mounted disk 

target itself To drive the rotary motion of the target sample holder, a small DC­

gearmotor was employed. The DC-gearmotor was mounted directly to a stainless steel 

plate (see Part #11 in Appendix 1). This plate was then to be bolted directly to the back 

plate of the assembled target disk cart, and positioned directly behind the ratable disk 

target mount (see Part #1 in Appendix 1). While appearing convoluted, such a design 

offered the distinct advantage that the DC-gearmotor could be installed or removed from 

the assembled disk target cart without having to disassemble any component of the cart 

itself. This ensured that replacing burned-out motors could be performed in a minimal 

amount of time. It is important to note that no effort was placed in designing a cooling 

mechanism for the DC-gearmotor mounted in the UHV environment. Nevertheless, a 

thermal equilibrium will undoubtedly be achieved between the hot motor and the cold 

liquid nitrogen reservoir. With luck, the heat conduction through the cart may have the 

dual benefit of maintaining the mechanical components of the cart at a reasonable 

temperature while simultaneously cooling the DC-gearmotor to a some degree - thus 

extending the operational lifetime of the motor. 

The final three components of the disk target laser vaporization source design 
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couple the rotary motion produced by the DC-gearmotor to the target sample mount itself 

(see Part #1 in Appendix 1). To minimize heat conduction between the liquid nitrogen­

cooled target sample mount and the DC-gearmotor, a strand of O. 063 11 diameter stranded 

stainless steel wire rope fastened to both components at each end was envisioned as a 

suitable coupling mechanism. In order to join one end of the wire rope to the 2 mm 

diameter drive shaft of the DC-gearmotor, two components were employed. The first was 

a custom-designed clamp (see Part #13 in Appendix 1) that served to fit over the gear 

motor drive shaft at one end while securing the wire rope within a clamp on the other end. 

Part #13 was then securely fastened to the DC-gearmotor drive shaft by a custom 

designed shaft collar (see Part #12 in Appendix 1) that served to compress the split-hub of 

Part #13 tightly onto the shaft. On the opposite end of the wire rope, a second clamp (see 

Part #14 in Appendix 1) that was similar to Part #13 was designed to couple the wire rope 

to the target sample mount. At one end of Part #14 was a cable clamp in direct analogy to 

Part # 13 . The opposite end of Part # 14 was a O .125 11 square drive pin that keyed directly 

into a square mating channel that had been machined into the back of the target sample 

mount (see Part #1 in Appendix 1). Ultimately, to assemble the rotary motion drive 

coupling, one first inserts Part #14 into Part #1, and secures Part #13 to the drive shaft of 

the DC-gearmotor. A strand of wire rope is then cut that will span the distan-ce between 

the two clamps, and each end is subsequently secured into place. 

6.3 Conclusion 

The design of a new target disk laser vaporization source has been presented, one 
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that will permit the systematic investigation of van der Waals complexes containing alkali 

metal atoms. While special consideration was taken to ensure that the design would 

accommodate the distinctive physical properties and chemical behavior inherent to alkali 

metals, there is no loss of generality in its use. In fact, the new source design is very 

flexible, and can be easily modified or adapted for use with almost any target material that 

can be acquired in the form of a disk, thus opening up a wide spectrum of experimental 

systems beyond aluminum-containing van der Waals systems that have been the focus of 

the majority of this thesis work. 
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APPENDIX2 

Drawings for the Original 

Piezoelectric Pulsed Valve 

Based of the Design 

of Trickl and Proch 
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PARTS LIST FOR AFOSR PULSED VALVE 

1. REQUIRED PARTS SHOWN ON DRAWINGS 

Part# Part Name Material Quanti~ 
1 Back Housing 304 Stainless Steel 1 
2 Front Plate 304 Stainless Steel 1 
3 Nozzle Plate 304 Stainless Steel 2 
4 Bolt 304 Stainless Steel 4 
5 Holder for Plunger Aluminum 1 
6 Nut Hard Plastic 1 

(Electrical Insulator) 
7 Plunger Aluminum 1 
8 Nut Aluminum 1 
9 Holder for Damping 304 Stainless Steel 1 

O-Ring 
10 Pulsed Valve Mount 304 Stainless Steel 1 
11 BNC Feedthrough 304 Stainless Steel 1 

(Welded to Pt. 1) 
c> Not Shown 

12 Wrench 1 Brass/304 Stainless Steel 1 
13 Wrench 2 Brass/304 Stainless Steel 1 

2. O-RINGS 

Parker# Size (ID x Thick.} Material Quanti~ 
2-002 0.042 X .050 Viton 1 
2-012 0.364 X .070 Viton 1 
2-029 1.489 X .070 Viton 1 
2-034 2.114 X .070 Viton 1 

3. SCREWS 

Size ~ Material Quanti~ 
5-40 UNC Socket Head Stainless Steel 8 
2-56 UNC Socket Head Stainless Steel 4 
6-32 UNC Socket Head Stainless Steel 4 

4. NUTS 

Size ~ Material Quanti~ 
3-48 UNC Hexagon Stainless Steel 4 
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APPENDIX3 

Drawings for the Modified 

Piezoelectric Pulsed Valve 

Based of the Design 

of Christian Berg 
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