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ABSTRACT 

In the first use of the Raman effect to detect sulfur atoms, transient CARS 

spectroscopy has revealed novel relaxation effects in sulfur formed through multiple 

photon excitation of carbon disulfide vapor. Ground term 3 P sulfur was monitored 

through its 396 cm-1 and 573 cm-1 fine structure transitions (3 P1 ~ 3 P2 and 3 Po ~ 

3 P2 ) at various delays after the photolysis laser pulse. It was found that quenching of 

1 D2 sulfur to the 3 P term by collision with the rare gases argon, krypton, and xenon 

gives clear kinetic and spectral evidence of a population inversion between the 3 Po 

and 3 P2 fine-structure levels. Kinetic data indicate no such inversion between the 

3 P1 and 3 P2 levels. Extensive modeling of the kinetic data taken at the 3 Po ~ 3 P2 

transition was performed to obtain the branching ratio into the 3 Po .level for the three 

rare gases studied. Although kinetic models including all possible processes in this 

system contain too many unknown parameters to be useful, a simple three parameter 

model gives reasonable fits to the data. This model yields branching ratios of 0.83, 

0. 75, and 0. 73 for the fractional formation of sulfur's 3 P0 level through quenching 

from 1 D2 by Ar, Kr, and Xe, respectively. The results of MCSCF-CI calculations of 

the relevant low-lying Ar-S potential curves suggest that quenching proceeds through 

a single energetically accessible intersection between molecular terms, which, when 

correlation and coupling rules are considered, leads adiabatically to the 3 Po product 

1 



11 

level that is experimentally observed to dominate. Although calculated Xe-S and 

Kr-S potential energy curves are not available, comparison with the similar rare 

gas oxide system suggests that a general explanation for the selective quenching 

mechanism may involve differences in the spin-orbit coupling strengths between 

molecular terms at the two crossings that adiabatically correlate with the 3 Po and 

3 P2 levels. 
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1.1 Background 

Chapter 1 
Introduction 

The excited states of atoms are of interest to chemists because they often undergo 

very different chemical reactions than the unexcited atoms. A specific example is 

the high reactivity of the first excited level, 1 D2 , of the sulfur atom. The ground 

level is unreactive toward hydrocarbons while the 1 D2 state reacts quite readily [1]. 

A process that competes with reaction in excited atom chemistry is the purely phys

ical transfer of an atom's excitation to a collision partner. Often, this process can 

lead to chemical change in the accepting species. For example, excitation transfer 

to molecules from excited mercury atoms has been used to initiate chemical reac

tions for more than 60 years [2]. Recently, there has been considerable interest in 

excitation transfer from both metal [3] and non-metal [4, 5] atoms because of their 

importance in gas laser systems. These studies have generally sought to obtain cross 

sections for energy transfer processes with a variety of collision partners. 

Often, the initial electronic term under consideration is split by spin-orbit in

teraction into fine-structure levels. Transfer of excitation among these levels ("in

tramultiplet relaxation") sometimes competes with excitation transfer in which the 

orbital excitation of the atom is changing. Studies concentrating on intramultiplet 

relaxation have been the subject of a review [6]. The term "quenching" is used 

to describe collisional relaxation of an excited atom to its ground term; "excitation 

transfer" denotes a similar process from a higher-lying to a lower-lying excited term. 

Although no chemical change occurs in the transfer of excitation from one atom 

to another, these systems serve as prototypes for understanding electronic energy 
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transfer in molecular systems. There is little data available concerning the fine

structure resolved product state distributions in excitation transfer studies. In the 

two studies that have been reported [3, 7], selective population of specific J levels 

of the final state was found. Both of these reports involved transitions from one 

donor excited state to another donor excited state in collisions between metal atoms. 

Breckenridge [8] found that in collisions between argon and excited cadmium, 80% 

of the products are formed in the top level of the final cadmium multiplet: 

A statistical distribution of 3 P2 , 3 P1 , 3 Po product levels would give ratios of 5:3:1, 

or 56% into the 3 P2 level. Since argon has no accessible electronic excitations, the 

11,900 cm-1 energy defect must go into translation as a form of E -+ T energy 

transfer. This spin-forbidden process occurs at essentially every gas-kinetic colli

sion. For hydrocarbon collision partners, the energy transfer pathway dominates 

over very exothermic reaction pathways as well. The initial J-state distribution 

is generally found to approach a statistical distribution as the collision partner's 

molecular structure becomes more complicated. 

Leone [7] found preferential population of the top level of the product multiplet 

in a similar system that had a much smaller separation in energy between initial 

and final levels: 

This near-resonant spin changing process also proceeds with a high cross section. 

The rate constant into the specific 3 P2 channel was reported to be 5.2 ± 0.5 x 

10-11 cm3molecule-1s-1 • 
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Does this preferential population in both cases occur simply because the 3 P2 

level is the top level in the multiplet, resulting in a smaller energy defect? Or does 

it result from the greater degeneracy of the J = 2 level? In fact, the reason for 

the preferential population is to be found in detailed consideration of the relevant 

potential curves describing the encounter between the atoms. Such curves are much 

harder to calculate reliably for higher excited terms than for lower-lying terms. 

For this reason, the most promising areas for comparing experiment with theory in 

atomic energy transfer will be quenching processes rather than excitation transfer 

processes. Apart from the research presented here, there are no reports of fine

structure resolved product distributions for true atomic quenching. This project is 

aimed at providing data that will illuminate the details of atomic quenching and 

stimulate theoretical investigations of these processes. 

1.2 Overview of these Studies and Results 

Following ultra-violet laser irradiation, coherent anti-Stokes Raman scattering 

(CARS) signals from atomic sulfur were observed in low pressure samples of CS2 • 

Experiments with carbonyl sulfide (OCS) as precursor are described in Appendix C. 

CARS, a nonlinear laser-based form of Raman spectroscopy, will be discussed in 

detail in the following chapter. For the present, note that CARS follows the same 

selection rules as spontaneous Raman scattering and therefore provides equivalent 

information. 

The sulfur atoms were produced by two-photon photodissociation of CS2 and 

were monitored via purely electronic transitions among the spin-orbit split levels 

of the ground 3 PJ term. As far as we know, this study marks the first observation 

of Raman scattering from atomic sulfur [9, 10]. Although studies involving Raman 
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396 cm-1 574 cm-1 

Figure 1.1: Spin-orbit levels of ground state sulfur atom 

scattering from atoms are rather common [13], CARS experiments on atoms are 

rather rare. There are, however, published reports of CARS signals from 0 and Cl 

atoms [11, 12]. Bersohn et al. [14] first reported the two most common methods for 

detecting sulfur atoms-two-photon induced fluorescence and resonance-enhanced 

ionization. Both the ground (3 P) and first excited (1 D) terms of the sulfur atom 

are observable by these methods. With our CARS method we detect only the 3 P 

ground term. Under typical operating conditions, we detect 1.5 x 1015 atoms cm-3 

with a signal-to-noise ratio of 40. 

Spin-orbit interaction splits the ground term of the sulfur atom into three fine 

structure levels as shown in Fig. 1.1. Our CARS technique is capable of detecting 

the transitions at 396 cm-1 and 574 cm-1• The Raman-forbidden transition between 

3 Po and 3 P1 at 178 cm-1 falls below the range of our instrument. A spectrum of the 

feature at 574 cm-1 taken in our lab is shown in Figure 1.2. The width of this line 

is instrumentally limited. 



Figure 1.2: CARS spectrum of the 3 Po +-+3 P2 transition in atomic sulfur 
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Our CARS spectrometer is capable of obtaining kinetic information by varying 

the time between photolysis and the subsequent spectroscopic probing of the sample. 

Such measurements are made by centering the Raman shift on one of the transitions 

in Figure 1.1 and then electronically scanning the delay between the firing of the 

lasers while the CARS signal is measured. 

Some brief points will introduce the data to be discussed in detail later: 

• The sulfur atom signal does not appear promptly-it grows in. See Figure 1.3. 

• The source of the S(3 PJ) is the collisional quenching of the first excited singlet 

term of sulfur-S(l D2 ). 

• The kinetics are strikingly dependent on the identity of the quenching partner. 

See Figure 1.4. 
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Figure 1.3: Early time kinetics with 30 torr Helium 
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• Quenching of S(l D2 ) by the rare gases argon, krypton, and xenon selectively 

populates the 8(3 Po ) level of the ground term and creates a population inver

sion among the 3 PJ fine structure levels. 

A full discussion of our attempts to understand the quenching kinetics as well as 

a proposed mechanism to explain the selective quenching are found in Chapter 3. 
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Figure 1.4: Representative kinetic data sets. Note the anomalous shape of the data 
with argon as buffer. 
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Chapter 2 
Coherent Anti-Stokes Raman Spectroscopy 

Theoretical and experimental aspects of Coherent Anti-Stokes Raman Spec

troscopy (CARS) will be discussed in this chapter. CARS is a laser-based method 

in which two laser beams are mixed in a sample to produce a third laser-like beam. 

Figure 2.1 gives a schematic view of the basic idea behind CARS. 

Sample 

Figure 2.1: Basic View of CARS 

2.1 Theoretical Aspects 

2.1.1 Nonlinear Spectroscopy and CARS 

CARS is one of a group of related techniques that utilize the coherence properties 

and high electric field strengths obtainable with lasers. These techniques[15] are 

known as nonlinear processes since the effects are related to the square, cube, or 

higher orders of the laser intensities. CARS and other nonlinear techniques can be 

viewed in the following way. 

The idea that the electric field associated with light can induce a dipole moment 

in an atom is familiar. If this light field is coherent, as with a laser, the induced 
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dipoles of the atoms are correlated and oscillate at the same frequency as the laser 

but with a constant fixed phase with respect to the laser. These dipoles can add to 

cause a bulk polarization in the medium that can be considered to be a source term 

in Maxwell's equations for the system. This can be simply stated 

P(t) = fox(w)E(t) (2.1) 

where P is the oscillating polarization, E is the electric field of the laser, fo is 

a numerical constant, and X is the dielectric susceptibility. By allowing x to be 

complex (X= x' + ix") such classical phenomena as dispersion and absorption may 

be described. 

The above expression for the polarization is adequate for describing the effects 

of low intensity light sources. Higher order effects arise when the light source is 

very intense, as with a laser. These effects may be conveniently described by the 

extension of the above expression for the polarization as a power series in the electric 

field 

(2.2) 

It is easy to see from the above expression that for a sinusoidal electric field 

E(t) = E0 coswt (2.3) 

if E1 = E2 = E3 then 

E3(t) = (E3 /4)(3 cos wt +cos 3wt) (2.4) 

and there are components of the polarization oscillating at 3w as well as w. The 

ard order term in the expansion gives rise to. 22 distinct frequency components in 

the general case of 3 different electric field frequencies. If there are only two electric 
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fields offrequency w1 and w2 , the 22 possible frequencies resulting from the 3rd order 

term in the expansion are reduced to the following 8 frequency components: 

The components of the polarization are known as Fourier components [16, 17, 18]. 

It is the component of the polarization at 2w1 - w2 that gives rise to the CARS 

effect. 

It is obvious from the expression for the polarization that information about 

the medium in which the light waves are mixed must be contained within the x<n) 

terms. These terms are called the nonlinear susceptibilities. The susceptibilities are 

of central importance in nonlinear experiments and arise in the formal development 

of nonlinear optics by Bloembergen and co-workers[19]. Although the theory for 

calculating susceptibilities is well understood, techniques for their calculation are 

limited. 

As stated earlier, the component of the polarization oscillating at 2w1 - w2 

corresponds to the term in Equation 2.2 proportional to x<3). The full quantum

mechanical expression for x<3) is extremely complicated and contains literally hun

dreds of terms [20]. Most experimental situations may be understood by grouping 

this multitude of terms into physically meaningful categories. x<3) is a general ex

pression for the response of the medium to three different electric fields, and as 

explained before, numerous frequency components arise from this term. We will 

eliminate all of the components not oscillating at the CARS frequency, 2w1 - w2 • 

The remaining part of the susceptibility will be denoted X CARS. 

Some of the terms remaining in XCARS describe Raman-active transitions in the 
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medium and will be classified as resonant; the rest will be classified as nonresonant. 

(2.6) 

Each term in the sum in Equation 2.6 is given by: 

XCARS ,.... ~N ( dtT ) WR 
res "' dO Wh- (w1- w2)2 + ir(wl- W2) 

(2.7) 

where ~N is the difference between populations of the levels involved in the transi-

tion, ;~ is the spontaneous cross section for Raman scattering for the Raman active 

resonance WR, Wt and w2 are the laser frequencies and r is the Raman linewidth. 

Examination of the expression for x~~R8clearly shows that as (w1 - w2) approaches 

WR the values of xCARS increases. When XCARS increases the light being generated 

at w3 grows more intense. A typical CARS experiment involves obtaining lasers 

with two different frequencies w1 and w2 and focusing these lasers into the medium 

to be investigated. The experimenter then measures the intensity of the frequency 

component at w3 = 2w1 -w2 • This may be understood by considering an energy level 

diagram like the one in Figure 2.2. This diagram shows one of a number of possible 

interactions of frequency components w1 and w2 • This particular one is, however, 

a representation of x~~RS • Many diagrammatic representations of nonlinear ex

periments have been developed[20]. Caution must be used in the interpretation of 

Figure 2.2, as the diagrams are not meant to be interpreted like the Grotrian dia

grams familiar to chemists. The arrows do not represent the absorption and emission 

of radiation by the molecular species involved. Instead, the diagram depicts changes 

in the excitations of the modes of the electromagnetic fields involved. In a CARS 

experiment, levels a and b represent an actual Raman-allowed resonance. Levels c 

and d are known as virtual states and are not incoherently populated during the 

CARS process. 
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Figure 2.2: Energy level diagram for the CARS process. 

The plane wave solution[21] for the intensity of the light at w3 is given by: 

(2.8) 

All quantities in Equation 2.8 are experimental parameters except for xCARS. 11 and 

12 are the input laser intensities, L is the length over which the lasers interact, and 

x = ~;L, where .D.k is the phase matching condition. This term will be discussed in 

Section 2.2.1. 

XCARS describes the shape of the spectrum. It is xCARS that is actually measured 

in a CARS experiment. Factors affecting the shape of the Raman resonances such 

as the real and imaginary parts of XCARS and effect of the X~rARS will be discussed 

in Section 2.1.2. 

2.1.2 A closer look at xCARS 

The relationship between CARS and ordinary spontaneous Raman scattering is 

contained in equations 2. 7 and 2.8. By taking these equations together and ignoring 
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the nonresonant part of xCARS it can be shown that 

( da )2 
/3 ex: !J.N dfl (2.9) 

It is common practice to plot CARS spectra as yfJ;, vs. (w1 - w2), because this gives 

amplitudes proportional to the number density, as is common in chemical spec-

troscopy. CARS follows the same selection rules as spontaneous Raman scattering 

and therefore CARS spectra and spontaneous Raman spectra contain equivalent 

information. 

It should be pointed out that x<3) and therefore xCARS is non-zero in all matter. 

This means that all materials, including monatomic gases, are CARS active. The 

signal that results from rare gases such as argon is due entirely to the X~rARS part 

of the susceptibility, since no Raman-active rotational, vibrational, or electronic 

transitions are present. 

A major and often problematic difference between CARS and ordinary Raman 

spectroscopy is the effect of the X~rARS. It was seen in Equation 2.7 that x~~RS 

contains real and imaginary parts. Considering only a single Raman resonance in 

Equation 2.6 we have: 

X CARS = (X' + i X") res + X~rARS (2.10) 

The real and imaginary parts of x~~RS have different shapes, as illustrated in 

Figure 2.3. But since / 3 cx:l XCARS 12, taking the modulus of Eq. 2.10 introduces 

cross-terms involving the X~rARS: 

(2.11) 

Parts of this equation are plotted in Figure 2.4( a). The X~rARS mixes in the dis-
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Figure 2.3: The real and imaginary components of XCARS. 
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persive x' lineshape through the 2x~rARSx' term in Eq. 2.11. The observed spectral 

feature can therefore become asymmetric for large enough admixed X~rARS. Fig

ure 2.4{b) shows a plot of I XCARS 12 illustrating this effect. As will be discussed 

later, this lineshape distortion effect was exploited in the present study. 

Another problem with X~rARS is the way it affects the dependence of signal 

strength on the population of the resonant species. This can be seen by re-writing 

Equation 2.11 and factoring out the population dependence from X~~RS. 

{2.12) 

It was stated earlier that CARS data is usually presented as the Jh, vs. the Raman 

shift (w1 -w2). From Equation 2.12 it can be seen that this is no longer appropriate 

when the nonresonant signal becomes comparable to that of the resonant signal. 

In this regime the signal has a component that depends linearly on the population 
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Figure 2.4: I XCAR.S 12 component lineshapes.(a) dashed lines represent the last two 
terms in Eq. 2.11, the solid line is their sum; (b) assymetric lineshape caused by 
nonresonant background. 

(b) 

density. 

This effect can be very important in mixtures in which the resonant species 

is the minor component and the major component produces a large nonresonant 

background. In fact, the nonresonant background is the limiting factor in many 

analytical applications of CARS because the signal from the resonant component 

becomes lost in the noise of the large nonresonant background. 

Techniques have been developed to suppress or remove the nonresonant back

ground. The one used in the present study will be discussed in Section 2.2.1. 



2.2 Experimental Aspects of CARS 

2.2.1 Transient CARS 

General Design 

16 

Flash photolysis studies date from the early 1950's[22]. A short burst of light

commonly from a laser in modern work-excites a sample. The excitation-induced 

changes are then probed by a variety of methods, the simplest of which is absorption 

of light from another light source. The transient CARS apparatus (Figure 2.5) used 

for these studies is based on this principle with CARS spectroscopy substituted for 

absorption probing. This apparatus has been described before [23, 24], and the 

reader is referred to the earlier account for details. A general view is given below. 

The excitation and probing lasers have homemade oscillators built around Quan

te! SF-410 Nd:YAG heads. Each of the oscillator outputs is amplified by a single 

stage consisting of another SF-410 head. The two laser systems are identical except 

for steps taken to improve the beam quality of the probe laser. This improvement 

is necessary because efficient CARS generation requires high spatial beam quality. 

A combination of an intra-cavity aperture and a concave end mirror limit the probe 

YAG's output to a nearly TEM00, or Gaussian beam. This beam is less energetic 

and has a diameter smaller than the 6mm aperture of the YAG rods. Before entering 

the amplifier stage, the probe YAG output beam is therefore allowed to expand at 

its natural divergence for a path of approximately 3 meters. This improves amplifi

cation by allowing the 6mm rod in the amplifier to be nearly filled by the incoming 

beam. These lasers have pulse durations of ca. 10 nanoseconds and a repetition 

rate of 10Hz. 

The probe YAG fundamental at 1064 nm is frequency doubled in a Type I 
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Figure 2.5: Transient CARS apparatus schematic 
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KD*P crystal to produce light at 532 nm. Approx. 40% of this beam is diverted to 

excite the probe dye laser that generates w2 , the tunable CARS input beam. The 

remaining 532 nm light is used as the w1 CARS beam. The dye laser is a homemade 

Littman-type design [25]. It consists of a transversly pumped oscillator and pre

amplifier served by a common dye reservoir, plus an amplifier that is longitudinally 

pumped for best beam quality and is served by its own dye circulation system. The 

dye laser is tuned by rotating a machine shop rotary table on which the back mirror 

of the laser is mounted. The grating is fixed at the center of rotation. The table 

is moved by a stepper motor under computer control through a homemade stepper 

motor controller module that was designed and constructed for this purpose. The 

controller is described in detail in Appendix 4. For the present study the laser dye 

Fluorescein 548 in basic solution was used. Figure 2.6 shows the output energy 

(in arbitrary units) of the dye laser (w2 ) plotted versus the calculated Raman shift 

(w1- w2), illustrating the range of Raman shifts available with this dye. Note that 

the usable tuning range of a laser dye depends on numerous controllable factors 

such as pH, concentration, etc. The figure shows the change in the output range of 

the dye after some concentration and pH adjustments. The alignment of the probe 

beams into the sample cell will be discussed in Section 2.2.1. 

The excitation YAG laser was a polarization-coupled unstable resonator that 

gives relatively high output energy with a smooth beam profile. After single-stage 

amplification, the light was frequency doubled in a Type II crystal of KD*P. The 

resulting 532 nm light was used to pump a Quantel TDL-III dye laser that was 

operated with the laser dye DCM to generate light at 637.8 nm. This red light 

was then frequency doubled in a Type I crystal of KD*P to provide the 318.9 nm 

excitation light. In an effort to increase the doubling efficiency, the fundamental 
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1100 

beam diameter was reduced to approximately 3 mm from 6 mm with a Galilean 

telescope. The UV was separated from the red light with a dichroic mirror (from 

CVI) and steered into the sample cell with prisms made of Corning 7940 fused silica 

(from Esco). Before entering the final prism before the cell, the beam was expanded 

with a telescope of magnification 2.5, which gave a beam diameter of approximately 

7.5 mm at the cell window. 

Beam energies were measured with silicon photodiodes for the purpose of shot

to-shot normalization. The CARS beam energy was measured with a Hamamatsu 

R1477 photomultiplier tube. Typical beam energies are summarized in Table 2.1. 

These energies were measured with a Ophir laser power meter. Transient CARS data 

are obtained by subtracting the signal obtained when the probe laser fires before the 

excitation laser from the signal when the probe laser fires after the excitation pulse. 
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Table 2.1: Typical laser energies 
I Wavelength (nm) I mJfpulse I Notes 

Probe 
1064 93 TEMoo 

80 with etalon 
532 23 w1 , with etalon 
549 4 w2, F548 dye, ~). = .25 cm-1 

Excitation 
1064 200 multimode 
532 90 
637 10 DCM dye, ~). = 1 cm-1 

318 1.2 

These before/after measurements then indicate the change in the sample's CARS 

susceptability, xCARS , that is induced by the excitation. The delay between laser 

pulses is achieved by electronically controlling the triggering of the flashlamps and 

Q-switches of the lasers. A homemade delay generator was designed and constructed 

to provide delays of between 0 and 100 J.iS. This device is described in Appendix B. 

Spectral data may be obtained on a transient (excitation beam on) or ground 

state (excitation beam off) basis. Figure 2. 7 shows the 658 cm-1 Raman active 

symmetric stretching band (v1) of ground state cs2. cs2 was used as the precursor 

for the sulfur atom work described here. The spectral resolution in CARS is not 

limited by the detection optics as in spontaneous Raman scattering (SRS). In SRS 

the monochromator and signal to noise requirements limit the available resolution. 

However, in CARS the Raman shift is the difference between the laser beam frequen

cies w1 and w2 , so the linewidths of lasers determine the spectral resolution. The 

instrumental spectral resolution may be improved by the insertion of an intra-cavity 
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Figure 2.7: CS2 Ground State 
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etalon with 1 cm-1 free spectral range into the probe YAG oscillator. Figure 2.8 

shows the effective linewidth of the apparatus in this mode. This is a spectrum of 

a single pure rotational line of hydrogen gas. 

Kinetic data are obtained by setting the Raman shift to a specific value and vary

ing the delay time between the excitation and probe pulses. For instance, Figure 2.9 

shows the depletion of the ground state cs2 signal caused by the excitation pulse. 

This scan was taken with the probing Raman shift set to the maximum of the band 

shown in Figure 2. 7. At positive times the signal is lower than at negative times 

because the excitation has removed a significant fraction of the cs2 molecules from 

their electronic ground state. This data file has been processed to give the percent 

depletion of the ground state CS2 • From the data it can be concluded that 15% of 

the CS2 molecules in the probing volume were directly excited by the UV light. The 
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Figure 2.8: Apparatus linewidth measurement. 
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solid line is a fit to an appropriate model giving the effective instrumental response 

function of 8 nanoseconds. Figure 2.10 shows the depletion kinetics over a longer 

delay range. Here there is enhanced depletion over the early time depletion resulting 

from secondary excitation of the cold cs2 molecules through collisions with hot cs2 
molecules or perhaps with translationally hot photofragments. 

Phase-Matching and BOXCARS 

Conservation of energy among the light fields involved in the CARS process 

requires that the total energy of the generated photons equal the total energy of the 

photons that are destroyed. This can be expressed as 

(2.13) 



23 

Figure 2.9: Early time depletion. 
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or 

(2.14) 

Light also has linear momentum. The propagation or wave vector of light is 

defined to have a direction parallel to the path of the light and a magnitude inversely 

proportional to the wavelength: 

(2.15) 

Here ni is the index of refraction at the light frequency Wi. The requirement of 

conservation of momentum is evident in Equation 2.8 as a factor containing the 

wave vector mismatch Cl.k: 

tlk = 2k~ - k~ - k~ (2.16) 

This equation is analogous to Equation 2.13. The intensity of the CARS beam, Ia, 

is maximized when tlk is zero, a condition known as phase matching. 

The vector nature of phase matching places some important constraints on the 

experimental geometry of the intersecting laser beams. Figure 2.11 (a) shows the 

general situation where the medium in which the CARS beam is to be generated is 

dispersive. This dispersion requires that the w1 and w2 beams enter the sample at 

an angle() with respect to each other. Usually, ()is usually only a few degrees. This 

noncollinear type of phase matching is required in dispersive media such as liquids 

and solids. In low pressure gases, where the dispersion is negligible, phase matching 

may be achieved with () = 0 as in Figure 2.11 (b). This collinear arrangement is 

most commonly used for gas phase CARS. 

In many CARS laboratories, spatial resolution is desired to provide extra infor

mation about flames and combustion processes. To achieve good spatial resolution, 
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(a) 

(b) 

Figure 2.11: Phase-matching diagram. 

the input probe beams can be crossed in a phase matching arrangement introduced 

by Eckbreth and dubbed "BOXCARS" [26]. Figure 2.12 shows such an arrangement. 

Here the w1 beam is divided into two equally intense beams which are directed into 

the sample at an angle 2a with respect to each other, as in the figure. The w2 

beam is introduced at an angle 8. The CARS beam at w3 emerges at an angle </J. 

Enhanced spatial resolution results because the CARS signal is efficiently produced 

only in the volume where all three beams overlap. Spatial resolutions of 1mm can 

be achieved. The price for such spatial resolution is of course a smaller signal due 

to a limited interaction length. In practice the BOXCARS configuration results in 

a signal smaller by a factor of 20 to 100 [20]. 

A variant of BOXCARS, folded BOXCARS, was used in the present study. An 
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Figure 2.12: BOXCARS phase-matching diagram. 

experimental difficulty with CARS is separating the intense probe beams from the 

weak CARS beam. In the collinear configuration the only method involves is ex

pensive and fragile dicroic optics or a dense prism. Because of the difficulty in 

contructing damage-resistant multi-layer coated optics with sharp enough spectral 

edges, these optics normally limit the observable Raman shifts to greater than 1000 

cm-I. However the present study required the observation of Raman shifts near 

400 cm-I. Lower Raman shifts may be studied with the BOXCARS geometry be

cause the weak CARS beam emerges from the sample spatially separated from the 

intense WI and w2 beams. This permits the probe beams to be separated by physi

cally blocking them while allowing the CARS beam to pass into the detector. This 

spatial separation fails however in the case of small Raman shifts because the WI 

and w3 beams have almost the same frequency. Folded BOXCARS enhances spa

tial separation of the output beams from the input beams by altering the planar 

BOXCARS phase-matching in Figure 2.12. The diagram may be made three di

mensional by folding the ki arrows 90 degrees out of the plane containing k2 and k3 • 
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This enhanced spatial separation allows the detection even of pure rotational CARS 

transitions at frequencies below 100 cm-1 [26]. Figure 2.13 illustrates the geometry 

of the laser beams in the folded BOXCARS geometry. 

Nonresonant rejection 

As noted earlier, the signal from x~fRS, the nonresonant susceptibility, can dras

tically reduce the detectivity of a minority component in a mixture. For instance, 

in this study experiments were routinely conducted with less than 1 torr of cs2 
precursor in the presence of and 50 to 100 torr of xenon. The debilitating effects of 

this nonresonant background can be clearly seen in Figure 2.14 and Figure 2.15. 

Here the sulphur atom kinetics-to be discussed in detail later-are shown together 

with kinetic data taken with the Raman-shift adjusted to an off-resonance frequency. 

Notice the high noise level in the data as well as the negative going signal in the 

off-resonant kinetics. This negative signal results from the loss of some of the large 

nonresonant background through collisional heating of the krypton in the probed 

region. Simply stated-the krypton atoms are being pushed out of the region of the 

sample that is being probed, and the density of the sample in this region is reduced. 

Clearly it would be difficult to deconvolve this effect from the sulphur atom kinet

ics, which is the target of this work. Fortunately there are techniques designed to 

remove the nonresonant background. Of course there is a penalty-greatly reduced 

total signal. 

XCARS is a tensor quantity. Analysis of the symmetry properties of XCARS [27] 

shows that it is possible to completely reject the electronic part of X~rARS while max

imizing the the resonant part of of xCARS. This involves orienting the polarizations 

of the probe beams in a specific way and inserting a Glan-Air polarizer before the 
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Figure 2.14: Anomalous kinetics without nonresonant rejection. 
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Figure 2.15: Off resonant kinetics without nonresonant rejection. 
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analyzer 

(} = </> = 60 deg 

Figure 2.16: Orientation of laser polarization states for background nonresonant 
suppression. 

detector to reject the unwanted polarizations. Figure 2.16 shows this arrangement. 

For isotropic scatterers, the maximum signal is observed at (} = 4> = 60 degrees. 

We find that this scheme is effective in suppressing nonresonant backgrounds at the 

expense of a loss in total CARS signal of about a factor of 10. 

2.2.2 Computers 

Hardware 

Data acquisition is almost completely handled by the the computer system. The 

main lab computer is a DEC LSI 11/73 CPU with a FPJll floating point coproces

sor. There are three disk drive systems-two Winchester hard drives and a floppy 

drive. The floppy drive is a dual 8 inch 512 Kb drive from Charles River Data Sys

tems. One of the hard disks is a 30 Mb (formatted) 8 in. disk and controller from 
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Data Systems Design. The other hard disk is a Fujitsu 2312 70 Mb (formatted) 

drive with a Emulex SC02/C ESDI controller. This multi-user system is equipped 

with graphics terminals from GraphOn, Pericom and Visual. 

The apparatus is controlled with a DAC from Andromeda. This module per

forms several control functions such as setting the probe delay (Appendix B) and 

various TTL output levels. These signals turn the laser Q-switches on and off and 

drive analog meters that display real-time laser and signal levels. These meters 

are essential to alignment and setup procedures. Data are acquired by digitizing 

the outputs from the photodiodes and photomultiplier tube after they have been 

integrated in Evans 4130 gated integrator modules. The 12-bit ADC board was 

obtained from Andromeda. 

The laboratory is also equipped with a Sun Microsystems 3/60 workstation that 

was used for kinetic modeling and quantum chemical calculations. 

Software 

The operating system is TSX+ from S & H. This multi-user system runs on top 

ofDEC's RTll, a real time single-user operating system capable of rapid response 

to data acquisition interrupt requests. There are two main programs involved in 

data acquisition. A program called CARSET is used for setup and alignment, and 

a program called CARS actually takes the data. The main program in both cases 

is written in FORTRAN. The lower level driver routines that control the DAC and 

ADC are written in assembly language. All routines were developed in-house by the 

author and co-workers. 

This multi-user operating system allows concurrent data acquisition and analysis. 

The system routinely has 3 to 4 simultaneous users running different tasks. Data 
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analysis software consists mainly of in-house written graphical, kinetic, and spectral 

fitting routines. The fitting routine is described in Appendix B. Most of the data 

analysis for the present study was done using the Sun Microsystems 3/60 running 

the UNIX operating system. 

CARSET is an interactive setup program used to help align the optical system. It 

provides shot-to-shot energy measurements as well as averages over a user-selectable 

number of shots. The program also can set the probe delay as well as move the dye 

laser frequency. 

CARS is the program used to collect the data files. It can produce kinetic and 

spectral scans or spectral data at several delay times. The kinetic data may be 

collected in a number of ways. For example, rriost of the scans proceed as follows: 

the program randomly selects an entry from a list of delay times the experimenter 

has provided and averages 10 before/after data cycles; this is repeated at another 

randomly chosen delay value until all entries in the delay file are taken. The ex

perimenter is then shown a plot on the terminal of the collected data and asked if 

another repetition is ·desired. Based on the appearance of the data, the experimenter 

decides whether to gather more data to be included in the average. Many data files 

represent up to ten such repetitions. 

2.2.3 Sample Handling 

The static gas phase sample cell was a 75 em long, 2.5 em ID Pyrex tube with 

o-ring joints at either end for mounting the 1.5 in. diameter windows made of 

Corning 7940 fused silica. These windows were plane-parallel and uncoated. CS2 

(from Aldrich) was introduced into the cell through a port reserved for samples. 

The sample arm was isolated from the cell with teflon stopcocks with o-ring seals. 
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At room temperature, CS2 has a vapor pressure of 40 torr, which is high enough 

to allow easy filling of the cell to an appropriate pressure. On several occasions 

the CS2 sample noticeably discolored and was replaced. It is not known whether 

this was due to reaction with the o-ring or to photochemical activity. The supply of 

analytical grade CS2 was stored in a chemical refrigerator. One fill of the sample vial 

lasted for up to two weeks. Most experiments were conducted with CS2 pressures 

of 0.3 or 0.6 torr as measured with the cell's two capacitance manometers (MKS 

Instruments Type 221A and Datametrics #600A-lOOOT-R12-HlX-4), each of which 

was sensitive to a different range. The total cell pressures were in the range of 0.001 

to 1000 torr. Diluent or buffer gases were introduced by two methods- via a gas 

manifold or directly from a lecture bottle. The expensive rare gases krypton and 

xenon (Cryogenic Rare Gases, 99.997%) were introduced directly. Other buffers 

were introduced via a gas manifold. Buffer pressures were typically in the 0 to 50 

torr range. The manifold and cell were evacuated by a mechanical rotary pump and 

a 2 in. oil diffusion pump to give background pressures below 10-5 torr. 



Chapter 3 
Experimental Results and Discussion 

This chapter is divided into two parts. The first presents evidence from the 

literature as well as our experiments leading to the conclusion that the source of 

the 8{3 PJ) is the quenching of S(l D 2 ) formed from the photodissociation of CS2 • 

{The reader should keep in mind that no direct evidence of S(l D) was measured in 

our lab and that our CARS signals arise solely from se P).) The second section 

discusses kinetic data showing a population inversion among the fine structure levels 

of 8(3 PJ ). This inverted distribution is formed after collisions with the rare gases 

argon, krypton, and xenon. Following discussion of kinetic models appropriate for 

describing this process, a proposed mechanism for this selective quenching process 

will be presented. 

3.1 The Source of S (3 P) 

3.1.1 Photodissociation of CS2 

The ground state spectroscopic properties of CS2 are summarized in Table 3.1. 

The UV absorption spectrum consists of several systems, only some of which are 

well understood. A summary of the UV spectroscopy of CS2 is given in Table 3.2. 

The band we excite at 318 nm is extremely congested and has been the subject of a 

detailed analysis by Jungen et al. [31]. These workers assign this system (from 290 

to 330 nm) as belonging to a 1 B2 +- 1 :E~ transition. The 1 B2 state correlates to the 

upper Renner-Teller component of the linear 1 ~u state. The Renner-Teller effect is a 

vibronic interaction that splits a degenerate molecular state into two components as 

the molecule distorts from a linear to a bent structure. Because of the Renner-Teller 
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Table 3.1: Ground state properties of CS2 .[28, 29, 30] 

CS2-linear, Dooh, 1E% 

MODE TYPE 

111 sym. stretch 
112 bend 
113 Asym. stretch 

B0 = 0.1092 cm-1 

ro = 1.554A 

FREQ. ( CM-1) 
658 
396 
1535 

ACTIVITY 

Raman 
Infrared 
Infrared 

Dg (SC-S) = 4.463 ± 0.014eV or < 278 nm. 

Table 3.2: Valance electronic transitions of CS2 . [32) 

7r -+ 7r* a -+ 7r* 

Dooh lE-
u l~u lE+ 

u 
lii 

g 

C2v 1A2 1A2 1B2 1B2 1A2 1B2 
Transition(nm) 355 318.5 197 172 

Intensity, f 8 X 10 5 2.7 X 10 4 1.1 2.9 X 10 "2 

35 

perturbation this system is quite irregular and resistant to spectroscopic assignment. 

The 1 B2 state is not dissociative. In fact this state has an anomalously long 

radiative lifetime (33]. Following 323.5 nm excitation, the fluorescence decay is 

observed to be biexponential with collision-free decay components of 5 and 34.5 J.lS 

lifetimes [34). 

Okabe [29) determined that the bond dissociation energy of CS2 is 4.463 ± 0.014 eV. 
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Table 3.3: Thresholds for the production of the primary fragments in the photodis
sociation of CS2 • The numbers in parenthesis are in units of electron volts. The 
numbers below are in nanometers. 

cs s~ ;j p2 1 D2 1 So 
! (0.00) {1.15) (2.75) 

X 1E+ (0.00) (4.463) (5.61) (7.21) 
277.7 220.9 171.9 

a3IJ (3.42) (7.88) (9.03) (10.63) 
157.3 137.3 116.6 

Excitation laser wavelength: 318.9 nm 
One photon @ 318 nm: 3.89eV 

Two photons @ 318 nm: 7.78eV 

Dissociation would therefore require the absorption of a photon with a wavelength 

of less than 278 nm. Because our 318 nm excitation wavelength is longer than this 

value, the molecule must absorb more than one excitation photon to dissociate. 

There has been considerable interest recently in the photodissociation of tri

atomic molecules [35, 36, 37, and references within]. Because the products of tri

atomic dissociation are simple-an atom and a diatomic molecule-they provide an 

ideal system for study. There have been numerous studies of the photodissociation 

of CS2 [30, 38, 39, 40, 14, 41], most of which used the 193 nm ArF excimer line 

for excitation because of its fortuitous coincidence with the very strong feature in 

the 1 E~ band. Table 3.3 summarizes the threshold photon energies required to pro

duce the various product fragments. For single photon absorption at 193 nm, we 

see that the only possible sulfur atom fragments are the ground and first excited 

terms-8(3 PJ) and S(l D2 ). Experimental studies confirm that these are indeed the 

atomic fragments. In addition, the branching ratio into these two S atom terms has 

also been investigated. The value of se PJ )/Se D2 ) is not agreed upon, however. 
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Recent determinations report values of 1 [38] and 2.8 [42] for this ratio. 

Production of S(l D2 ) has also been reported through sequential multiphoton 

dissociation of CS2 near our excitation wavelength of 318 nm [14]. Hardwick et 

at. [30] studied the multiphoton dissociation of CS2 between 330 and 280 nm. These 

workers find evidence of 3 PJ , 1 D 2 , and 1 S sulfur in this region but report no evidence 

of the expected ground state CS fragment. They conclude on the basis of their 

results that the presence of the singlet atomic fragments could also be explained by 

the secondary excitation and dissociation of the CS fragment. 

Kawasaki et al. [43] studied the angular distribution of 1 D 2 and 3 PJ sulfur atoms 

following excitation of cs2 in two distinct regions-from 288 to 292 nm and from 

308 to 309 nm. These excitation wavelengths were chosen because in addition to 

exciting the cs2 'they were also appropriate for the three-photon (two to resonance) 

photoionization of the sulfur atom fragments. The sulfur ions were detected with 

a mass spectrometer. The conclusions of this study are very important to our 

work. Careful analysis of the anisotropy of the angular distribution of sulfur atoms 

implied that the CS2 absorbed only two photons before dissociating. Our excitation 

wavelength of 318 nm is nearby and is a part of the same band system, which extends 

from 350 to 290 nm. It is therefore reasonable to conclude that excitation at 318 

nm gives two photon dissociation in cs2 . 

The 1 S state of sulfur is energetically allowed at Kawasaki's excitation wave

length but was not studied. Black et al. [44] has measured the quantum yield for 

the production of S(l S) in one photon dissociation of CS2 in the range of 105 to 210 

nm and found a yield of less than 5% for excitation at 160 nm. One photon at 160 

nm corresponds very closely to the energy of the two 318 nm photons used in our 

study. 
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Table 3.4: Energies and lifetimes of low-lying electronic states of atomic sulfur. 

Electronic 
State 

Energy Radiative 
Level (em - 1 ) Lifetime ( s) 

22,179.95 0.4 7 
9,238.61 28.0 

573.64 3310 
396.06 714 

0.00 -

Based on the above summary of the existing literature on the photodissociation 

of cs2 ' the most likely excitation sequence in our studies is 

cs2 (X1E+) ~ cs2 ·e B2) ~ cs2 **(siNGLET) 
cs2 **(SINGLET) -+ cs2 **(TRIPLET) -+ cs + se P) 
cs2 **(SINGLET) -+ cs + seD) 

Note that both S(3 PJ) and S(l D2 ) atoms are produced in this excitation se

quence. Our data (Figure 1.3) generally do not show evidence of direct production 

of 3 PJ. We have seen, however, some rather interesting but confusing evidence of 

prompt production and very rapid disappearance of S(3 PJ ). These observations are 

discussed in Appendix C. 

Another possible source of ground term sulfur is radiative decay of an excited 

sulfur atom. Assuming that the CS2 molecule has absorbed only two photons, the 

sulfur fragment can only be formed in the 1 D2 or 1 S terms. However, as can be seen 

from the long radiative lifetimes listed in Table 3.4, these terms cannot possibly be 

the source of the S(3 PJ) in our experiments. 
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Figure 3.1: Kinetics with two different pressures of CS2 and 30 torr He buffer 
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3.1.2 Kinetic Evidence for S(l D2 ) 

Collisions with CS2 

Another possible.source of sePJ) is the unimolecular decomposition of a long

lived excited cs2 molecule ( CS2* (TRIPLET) in the excitation sequence on page 38). 

If this were the source of se PJ ) the rise kinetics should not depend on the pressure 

of the precursor. Figure 3.1 shows the appearance kinetics measured for samples 

containing two pressures of CS2 • The solid lines are computed fits using this simple 

two parameter kinetic model; 

X --+ 3p 
3p --+ ? 

(1) 
(2) 

In the model, 'X' is some precursor and step (1) represents direct unimolecular 

formation of 3 P. The fits were made with both parameters allowed to vary, and 

the coefficient for step (1) was found to be 7.8 and 14 p,s-1 for the 0.5 and 1.0 
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torr CS2 data respectively. The nearly proportional dependence of the step (1) rate 

coefficient on the cs2 pressure is a clear indication that the production mechanism 

for the S(3 PJ) is not unimolecular but instead involves collisions with CS2 • Step 

two represents a loss mechanism through reaction or simple diffusion out of the 

probed volume. We will discuss this loss factor later. First, let us compare the 

bimolecular rate coefficient found, 4.32 x IQ-10 cm3molecule-1s-1 , with literature 

values for the quenching of S(l D2 ) by CS2 • Addison, et al. [45] report the value 

of the rate constant to be (3.5 ± 1.0) x IQ-10 cm3molecule-1s-1 , in rather close 

agreement with our value. Although we detect only the quenching products of 

step one, chemical reaction is also possible. Products of this reaction have not 

been seen [46], however, and the rate coefficient reported by Addison et al. is 

thought to be purely quenching. No rate coefficient for the reaction of se PJ) with 

CS2 has been found in the literature. The fits here show no strong dependence on 

the cs2 pressure in the rate coefficient for step (2) indicating that reactions of 3 p 

with CS2 are not important. We believe the main process in step (2) is diffusion 

of translationally excited se PJ) out of the probed volume. Figure 3.2 provides 

evidence for the formation of translationally hot S(l D 2 ). Here, lower He pressures 

permit the excited S(l D2 ) atoms to move out of the probed volume before they can 

be quenched, whereas higher buffer pressures lead to confinement. Using the data 

in Table 3.3 for the minimum photon energy needed to produce the S(l D 2 ) state, 

and our two photon excitation energy, we calculate that 17,400 cm-1 is available 

to be partitioned among the fragments. On the basis of this we can calculate the 

maximumS atom speed to be 2.6 x 103 m/s. After the quenching process there is 

an additional 9239 cm-1 that will appear in translational motion of the sulfur atom 

and quencher. Under similar experimental conditions, Black [47] estimates an upper 
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Figure 3.2: Effect of Added Helium of se PJ) yield 
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limit to the rate coefficient describing diffusive loss as 0.4 p,s-1 for S(l D 2 ). The fits 

in Figure 3.1 use 0.28 p,s-1 for the rate in step (2). It should be emphasized that 

the region over which the CARS signal is effectively generated is a cylinder about 

10 mm long and 0.1 mm in diameter. Sample motion out of the probed volume is 

to be expected at these pressures. The mean free path for 1 torr He is calculated to 

be about 0.03 mm at 298 K. 

We may re-write the above mechanism for formation and loss of S(3 P) in our 

system as: 

quenching 
3 P ~ out of beam diffusional loss 
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Figure 3.3: Fits of oxygen data 
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Collisions with 0 2 

Black[4 7] finds that S(l D2 ) is removed by 0 2 through physical quenching alone. 

However, sulfur in its 3 P term reacts chemically with 0 2 with a rate coefficient that 

has been measured [47]. Our kinetic data in the presence of 0 2 can be modeled as: 

S(l D2 ) + 02 ~ se P) + 02 quenching 

se P) + 02 ~ S0(3~) + 0(3 P) reaction 

S(3 P) ~ out of beam diffusional loss 

Figure 3.3 shows our kinetic data plus solid lines representing fits in the above 

model with rate coefficients kq and kr fixed to the values reported by Black [4 7]-

5.3 X w-n and 2.2 X w-12 cm3molecule-1s-1 ' respectively. The rate constant kd 

was allowed to vary in these fits. For the 5 and 10 torr 0 2 data, the fits converged 

on 0.35 and 0.15 ps-1 for kd, respectively. Note that the value of kd decreased in 

the 10 torr data, as is expected because the rate of diffusional loss will decrease as 
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the 0 2 pressure increases. The satisfactory agreement between our data and the 

simple model supports the conclusion that 3 P sulfur is formed in our system almost 

exclusively through collisional quenching of promptly produced 1 D2 sulfur atoms. 

Collisions with CH4 

Kinetic data with methane proved more interesting. Earlier studies [1, 48] of 

the reaction of S(l D2 ) with saturated hydrocarbons show that the spin state is 

extremely important to the reactivity of sulfur atoms-S(l D2 ) reacts and S(3 P) 

does not. The mode of reaction has been shown to be insertive attack on the C-H 

bond to give mercaptans such as CH3 SH, methyl mercaptan: 

The enthalpy change is ca. -83 kcal/mole for this reaction. In broadband flash 

photolysis studies using OCS as precursor for S(l D2 ), Fowles, et al. [48] detected 

HS, CS, H2S, and S2 and proposed that they were secondary products formed from 

"cracking" of the hot methyl mercaptan. The pressures used were 20 torr OCS and 

18 to 500 torr added CH4. They also noted an "exceptionally low" rate of quenching 

of S(l D2 ) by CH4. 

Black [47] studied the S(1 D2 ) branching ratio between quenching and reaction 

for several species and found a value of 0.69 for kq/kr with CH4. Earlier, Black et 

al. [49] had reported the total removal rate for se D2) with CH4 to be 1.7 X 10-10 

cm3molecule-1s-1 • 

Figure 3.4 shows our kinetic results with 0.3 torr CS2 and 6 torr added CH4. 

The 5 torr 0 2 data discussed above is also shown for comparison. Because these 

data files were taken in the same laboratory session, the sensitivity of the instru-
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Figure 3.4: Kinetics with added CH4 • Also shown for comparison is 0 2 kinetics. The 
solid line with no data points is a simulation of 0 2 kinetics with no loss mechanism. 
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ment is unlikely to have changed between them. We can see that there is little 

difference in the two cases. This would not be expected if there were an appre

ciable reactive channel in the CH4 data, as predicted by Black's ratio. However, 

we must be careful in this comparison because there is a reaction with S(3 P1 ) 

affecting the 0 2 data. The solid line with no data points in Figure 3.4 is a simu

lation of the 0 2 kinetic data without including any mechanism for loss of S(3 P1 ). 

We can see that the 0 2 quenching of S(l D 2 ) is quite fast and the peak signal 

therefore reaches almost the same level regardless of whether reaction or diffu

sion are present. The solid line through the CH4 data in Figure 3.4 is a fit to 

the following simple model including only quenching by CH4 and diffusive loss: 
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S(l D2 ) + CH4 ~ se P) + CH4 quenching 

se P) ~ out of beam diffusive loss 

Allowing both parameters to vary, the fit yields 1.3 x I0-10 cm3molecule-1s-1 and 

0.35 x 106 s-1 for k9 and kd respectively. We see that k9 agrees reasonably well 

with Black's determination and kd is similar to the values found in previous fits 

with 0 2 • The fact that the peak 3 P signal strengths are so similar with CH4 and 

0 2 buffers suggests that the net reactive quantum yield of S(l D 2 ) with CH4 is very 

low. Therefore, if there is indeed significant reaction of S(l D2 ) with CH4 to form hot 

CH3 SH, the unrelaxed CH3SH must dissociate under our conditions to give se PJ ). 

3.2 Inverted Fine Structure Populations in 8(3 PJ) 

At this point in our discussion, considerable evidence has been presented pointing 

to the presence of photochemically produced S(l D 2 ). With this as a starting point, 

let us now consider the studies on the quenching of S(l D 2 ) by the rare gases. 

3.2.1 Introduction 

Shown in Figure 3.5 are a series of data sets with differing CS2 precursor pressures 

and a constant argon buffer pressure. Several features of this series should be noted: 

• After an rapid initial rise, the signal reaches a maximum, falls to zero and 

then rises to an asymptotic value. 

• The time at which the signal returns to zero is reduced as the CS2 pressure 

mcreases. 

• The first maximum is reduced in amplitude as the CS2 pressure increases. 
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Figure 3.5: S(3 PJ) kinetics at 574 cm-1. 
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The most striking feature of this data set is of course the minimum. What 

process could ~se such an effect? The answer to this question is revealed in the 

dependence of the CARS signal on the populations of the levels connected by the 

transition. We saw in Equation 2.9 that the CARS signal is proportional to the 

square of the population difference between the two levels connected by the transi

tion. In the kinetic data in Figure 3.5, the data points were taken with the Raman 

shift tuned to the 3 Po+-+ 3 P2 transition in S(3 PJ) at 574 cm-1• Note that the simple 

models presented earlier in connection with the CS2 , 0 2, and CH4 data assumed an 

equilibrium among the S(3 PJ) levels and did not explicitly consider the individual 

fine structure levels. The data with argon represent clear kinetic evidence of the 

production and relaxation of a population inversion between the 3 P0 and 3 P2 levels 

of ground term sulfur. A qualitative depiction of this process is given in Figure 3.6. 
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Figure 3.6: A qualitative depiction of the production and relaxation of and inversion 
in atomic sulfur se PJ ). 

As the S(l D2 ) is quenched through collisions with Ar, the branching ratio between 

the 3 Po and 3 P2 levels favors the 3 Po level, resulting in a population inversion. 

Black [50] noted an "overpopulation" of the S(3 Po) level and estimated that 30% 

are formed in this level in collisions with argon. Relaxation processes compete with 

the production of the inversion and at some point a maximum inversion is reached 

(Fig. 3.6(a)). Collisions of S(3 Po) with Ar and CS2 then relax the distribution from 

inverted towards normal. At some point along the path to equilibrium, the popu-

lations of the two levels become equal (Fig. 3.6(b)) and there is no CARS signal. 

Finally, the distribution becomes normal (Fig. 3.6( c)) and the CARS signal reap

pears and grows as thermal equilibrium is approached. Kinetic data with krypton 

and xenon also show the same inverted behavior (Figure 3.8). The branching ratios 

into fine structure levels of se P) will be analyzed for each rare gas in the next 

section. 

The presence of the inversion may be seen from spectral as well as kinetic data. 

In Section~2, the effect of the nonresonant part of the third order susceptibility 
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was discussed. The asymmetry in CARS spectral features that can result from the 

nonresonant part of the susceptibility is shown in Figure 2.4(b ). The feature is on 

top of a non-zero background signal caused by the nonresonant background. The 

nonresonant background signal is a slowly varying function of the Raman shift and 

may be considered quite constant over these narrow features. The dispersive-shaped 

real part of the susceptibility is mixed into the signal by the nonresonant part of 

the susceptibility (Eq. 2.12), causing the right shoulder of the feature to be lower 

than the left in normal non-inverted spectra. If !:::..N is negative, the dispersive

shaped real part of the susceptibility adds to the lineshape in the opposite sense. In 

this case the left shoulder of the feature is lower than the right. Figure 3.7 shows 

spectral scans taken with fixed delays 60 and 500 nanoseconds between excitation 

and probe pulses. These delays were chosen to fall before and after the zero point 

in the kinetics. The 60 ns spectrum is clearly indicative of an inverted distribution. 

Note that the nonresonant background pedestal mentioned before does not appear 

in these spectra. Because each data point is the difference between the signal before 

the excitation laser fires and the signal after it fires, the nonresonant background

due mainly to the argon-is subtracted out. 

Not considered in the analysis so far is 3 P1 , the middle level. Figure 3.9 shows 

kinetic data taken with the Raman shift tuned to the 3 P1 H- 3 P2 transition at 396 

cm-1• There is no evidence of inversion. The participation of this level will be 

discussed in the following sections. 

3.2.2 Kinetic Models 

Kinetic models will now be presented for modeling the inverted distribution 

kinetics. The computer routine fitit was used to deduce kinetic parameters that 
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Figure 3. 7: Asymmetric spectrallineshapes of the J = 0 H 2 transition. The probe 
delays were before and after the zero point in the kinetics for these experimental 
conditions. 
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best fit the data. This program is discussed in Appendix B. 

Any model for laboratory data is certainly merely an approximation of the ac

tual processes that occur. We must begin with a thorough analysis of the system 

and then seek to eliminate the less important processes until the model becomes 

tractable. Figure 3.10 summarizes the possible quenching pathways available to the 

atomic sulfur in our experiments. Each arrow represents represents the bimolecu

lar collisional relaxation of a sulfur atom in a given electronic state colliding with 

another species: 

S(l D2) + M ~ S{3 Pi) + M 

S(3Pi) + M ~ S{3Pi) + M 
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Figure 3.8: Inverted kinetics with Kr and Xe. 
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The rate for each process is given by 

Rate= k[S][M] (3.1) 

where [S] represents the concentration of sulfur atoms in the initial state, M is a 

collision partner ( CS2 or a rare gas atom-Ar, Kr, or Xe), and k is the bimolecular 

rate coefficient for the particular relaxation step. For a given mixture of rare gas 

plus cs2 ' twelve different rate coefficients are involved. 

In addition, reactive pathways may be available, such as: 

Although the reaction between se PJ ) and CS2 is exothermic, studies have found no 

evidence of CS formation [51]. Breckenridge and Taube [52] proposed that reaction 

between se PJ) and CS2 occurs to form the short lived species CS3 , which then falls 
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Figure 3.9: S(3PJ) kinetics at 396 cm-1• There is no evidence of inversion. 

0 
0 0 db 

0 0 0 
0 

0 
0 o oooo 

0 
0 0 

0.3 torr cs2 
12.5 torr Ar 

0 

750 1250 1750 2250 2750 

Probe Delay (nanoseconds) 

0 

3250 

apart to yield the reactants. Although no net decomposition of CS2 was evident in 

their studies, isotopically labeled s atoms in cs2 were found to exchange readily 

in the presence of se PJ ). The reaction of S(l D2 ) with CS2 has been discussed 

previously (Section 3.1.2). Evidence was presented from earlier studies indicating 

that no reaction occurs but quenching is rather efficient. 

Some of the rate constants needed to model the inversion kinetics have been 

reported in the literature. Table 3.5 lists the pertinent rates for S(l D2 ) removal. 

Note the difference of a factor of 22 in the Ar removal rate coefficients reported 

from two different laboratories. Black and Jusinski's determination is probably 

more reliable because the S(l D2 ) was measured directly via a photoionization ex-

periment. The other determination involved an indirect measurement that used 

NS as a spectroscopic marker following reaction of S(l D2 ) with N20. For com-
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Figure 3.10: Possible quenching pathways 

parison, the Lennard-Jones collision rate for Ar-Sulfur collision is calculated to be 

4.1 X w-lO cm3molecule-ls-1at 295 K using the Lennard-Jones parameters compiled 

by Svehla [53]. 

Three parameter model 

Clearly, inclusion of all kinetic pathways discussed above would create a model 

with far too many unknown parameters to be determined by the available data. The 

goal in kinetic modeling is to obtain the simplest model that describes the results 

and thereby identify the dominant processes. Reasonable fits to single data sets 

involving cs2 plus rare gas can be made with a three parameter model: 
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Figure 3.11: Fit to simple 3 parameter model 
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Figure 3.11 shows a fit obtained using this model. A primary goal of this project 

was to obtain the branching ratios for quenching to the fine structure levels in 

8(3 PJ ). The fractional yield of the top level, 8(3 Po), or the branching ratio to 

Table 3.5: Quenching rate constants from literature 
M kq ( cm3molecule-1s-1 ) Reference 
Ar 6.5 x 10 13 

Kr 1.9 x 10-12 Little et al.,(54] 
Xe 1.1 x I0-11 

Ar 1.4 X IQ-ll Black and Jusinski,(49] 
(3.5 ± 1.0) X IQ-10 Addison et al.,(45] 
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S(3P0 ) is 
[3Po]i _ ko 

([3 Po]i + [3 P1]i + [3 P2]i) - ko + k1 + k2 
(3.2) 

where the subscript "i" is meant to denote the "initial" populations produced by 

the rare gas quenching before scrambling within the multiplet occurs. Quenching 

into the 3 P1 level is neglected in the simple three parameter model. The reasoning 

behind this omission will be discussed in Section 3.2.3. The results of fits to this 

simple model are given in Table 3.6. The values were obtained from converged fits 

with all three rate parameters varied, and the bimolecular rate coefficients k0 and 

k2 as well as the branching ratio calculated from these values are reported. Also 

included is krelax, a pseudo-first order rate coefficient representing the sum of both 

processes that relax the inversion in 3 P: 

(3.3) 

As one can see from Table 3.6, this model does not give reproducible values 

for the quenching rate constants k0 and k2 • Furthermore, the total quenching rate 

coefficient for the rare gases does not increase with atomic number of the rare gas as 

expected (Table 3.5). The branching ratio is far more consistent for each rare gas, 

however. This is not surprising considering that the overall shape of the kinetic data 

is influenced mainly by the relaxation of the inversion, i.e. most of the information 

contained in the data relates to relaxation. Basic kinetic principles require that 

all species formed from a common precursor show proportional appearance kinetics 

with an apparent first order appearance coefficient that must equal the decay rate 

coefficient of the precursor. Our signal is related to the difference between the 

populations of 8(3 Po ) and se P2 ). The difference arises because the two levels 
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Table 3.6: Results of fits to simple 3 parameter model 
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appear with the same kinetics but with different yields. Changing the rare gas 

pressure does not alter the form of the rise kinetics because it changes the production 

rate (through quenching) of each level proportionately, leaving the branching ratio 

between the two states unaffected. However, relaxation of the inversion will depend 

strongly on C82 pressure, giving data whose shapes are governed by the ratio of 

argon to C82 pressures. 

If we had complete control of nature in the lab, the experiment could be divided 

into two parts. First, the 8(1 D2) atoms would be quenched by the rare gas, leaving 

the sulfur ground term population in an inverted distribution. The experimenter 

would then measure the signal, which is proportional to the maximum inverted pop

ulation difference. Then the experimenter would turn on the relaxation process and 

allow the 8(3 P0 ) level to be quenched until a Boltzmann distribution was reached 

among the fine structure levels. The branching ratio could easily be obtained from 

the ratio of the signal at maximum inversion ( the first maximum) to the signal at 

the asymptote. 

Unfortunately, such an experiment is not possible. The rare gas not only quenches 

8(1 D 2 ) but also helps to relax the 8(3 PJ) population distribution as does the pre

cursor, C82 . Figure 3.12 is a plot of the ratio described above (inverted peak height 

over asymptotic signal) versus C82 pressure for a series of argon quenching ex

periments. By extrapolating to zero pressure the C82 contribution to the 8(3 Po) 

relaxation is removed. This y-intercept is found to be 0.85. 

In order to calculate the equilibrium population difference between 3 Po and 3 P2 at 

the asymptote, we must estimate the temperature jump upon excitation. Figure 2.9 

implies that 15% of the C82 are excited by at least one photon. The most energy 

that could be deposited in the sample would occur if all of these single photon 
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Figure 3.12: Ratio of first maximum to asymptote for 50 torr Argon and several 
cs2 pressures 
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excited cs2 molecules absorbed another photon resulting in dissociation of 15% of 

the CS2 molecules. Based on thermalization of the energy among the argon atoms 

in a typical sample of 0.3 torr CS2 and 50 torr Ar, a temperature jump of about 20 

K would be expected. At 350K, thermal excitation out of the 3 P2 level is calculated 

to give a value for N(3 P2) - N(S Po) equal to 0.86 of its low temperature limit. (See 

Figure 3.13). At the first maximum in our data (labled "A" in Fig. 3.12), we 

know that the distribution is inverted and the measured signal is proportional to 

(No- N2 )initial· At the asymptote (labled "B" in Fig. 3.12) the signal describes a 

normal distribution and is proportional to (N2 - No)thermal· From the discussion in 

the last paragraph, we also know that the signal at the asymptote is proportional 
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Figure 3.13: Boltzmann populations in 8(3 PJ) 
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to 0.86Ntotal where Ntotal =No+ N1 + N2. This ratio may be expressed: 

A/ B = 0.85 = (No- N2)i 
0.86Ntotal 

Assuming again that no 3 P1 is produced in the quenching, 

3000 

(3.4) 

(3.5) 

Taking these equations together we may solve for the branching ratio N0 / Ntotal = 

0.87. This result is comparable to the average value of 0.83 calculated using the 

results of the fits to the simple three parameter model for the argon data in Table 3.6. 

The argon contribution to the relaxation is still present. We might expect a 

similar analysis with differing argon pressures to be possible. Unfortunately such 

an analysis does not yield a straight line. The reason for this is that at low argon 

pressures the quenching of se D2 ) by CS2 competes with argon quenching. Also, 
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less effective containment of the sample within the probed volume complicates the 

situation when the pressure of buffer gas is less than about 30 torr. 

A major deficiency of the simple three parameter model is that it does not in

clude CS2 quenching of S(l D2 ). Addition of this channel can increase the apparent 

branching ratios to the S(3 P0 ) level to above 0.9. This result assumes statistical pro

duction of the S(S PJ) levels in the CS2 quenching of S(l D2 ) and uses the literature 

value for the total S(l D2 ) removal rate by CS2 (see Table 3.5). However, there is no 

experimental basis for assuming that the CS2 quenching of S(l D2 ) is statistical. 

A more complete model 

A better kinetic model may be constructed by dividing the relaxation of se Po ) 

into contributions from CS2 and from the rare gas. Adding a step for the quenching 

of S(l D2 ) by CS2 is also very helpful in fitting low rare gas pressure data, because 

under these conditions quenching by cs2 becomes competitive with the rare gas 

quenching. This model assumes a statistical production of se PJ ) for CS2 quenching. 

There are nine possible product fine structure states for the quenching process. This 

model assumes that subsequent relaxation from S(3 P1 ) into S(3 P2 ) is fast and it 

therefore places the S(3 P1 ) level's statistical share (3/9) directly into the S(3 P2 ) 

level. Such quick relaxation from 3 P1 may be facillitated by the exact coincidence 

between the energy of the cs2 molecular bending vibration at 396 cm-1 and the 

energy difference between the 3 P1 and 3 P2 levels. Another feature of the expanded 

model is a term describing loss of S(3 PJ) through diffusion, as was discussed in 

Section 3.1.2 in connection with 0 2 and CH4 buffers. The coefficients k5 and k6 

were sometimes varied to improve the quality of a fit. This more complete kinetic 

model and the rate constants (in cm3molecule-1s-1 ) used are given below: 
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k1 = 3.2 X 10-11 S(1D2) + Ar ~ 3po (1) 
k2 = 0.49 X 10-11 S(1D2) + Ar ~ 3p2 (2) 
k3 = 7.4 X 10-13 S(3Po) + Ar ka 

-+ 3p2 (3) 
k4 = 9.3 X 10-11 S(3Po) + cs2 ~ 3p2 (4) 
ks = 3.4 x 10-10 sen2) + cs2 

1/9kr, 
-+ 3po (5) 

sen2) + cs2 
8/9k5 

-+ 3p2 (6) 

8(3 Po ),8(3 P2) ~ out of beam (7) 

These rate coefficients agree reasonably well with those in Table 3.5, although 

the (k1 + k2) value used here is 2.6 times larger than the total S(l D2) removal rate 

reported in the table. The translationally hot S(l D2 ) in our studies (see Fig. 3.2) 

may account for this increased quenching efficiency. Black et al. [50] has also studied 

the collisional quenching of the 8(3 Po) level and found the Ar removal rate for this 

level (k3 in our model) to be (7.0 ± 1.0) x 10-13. Black et al. [50] also measured 

the spin-orbit relaxation rate of S(3 Po) by carbonyl sulfide (OCS). Because OCS 

and cs2 are rather similar they would be expected to have comparable relaxation 

efficiencies. Black's measured value is (1.6 ± 0.2) x 10-10, a factor of 1. 7 times 

larger than the CS2 rate used in our fits. Rates k1-k4 were held constant in the fits 

shown. Figure 3.14 shows fits to a series of differing CS2 pressures with constant 

argon pressure, using the literature value of k5 (Table 3.5). Figure 3.15 shows fits to 

two data sets with different CS2 pressure as well as different argon pressures. Note 

that for the fits in this figure both k5 and k6 were allowed to vary. 

Quenching into the 3 P1 level 

Up until this point little mention has been made the 3 P1 level except to note its 

omission from the models. Is this justified? Direct quenching to this level by argon 

is clearly not a major channel. This can be seen from the "ratio" analysis in Fig-
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ure 3.12. The zero CS2 pressure intercept (proportional to the maximum inverted 

population difference between 3 Po and 3 P2 before relaxation by CS2 ) is 0.85, indicat

ing clearly that most of the quenching goes to the 3 Po level. Figure 3.9 shows that 

no inversion is present between the 3 PI and 3 P2 levels implying that the quenching 

rate into 3 PI is less than the rate into 3 P2 • Figure 3.16 presents rise kinetics with the 

Raman shift set to the 3 PI +-+3 P2 transition at 396 cm-I. Also shown for comparison 

are the kinetics of the 3 P0 +-+3 P2 transition at 573 cm-I. 

Note: The files have been arbitrarily scaled to match asymptotes. 

Figure 3.16 also shows a simulation (using the six parameter model and rate coeffi

cients in the last section ) of the 3 PI +-+3 P2 data. In this simulation, the population 

of the 3 PI level is fixed at zero. The signal is then just the population of the ground 

3 P2 level. It can be seen that this simulation predicts the general appearance of the 
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Figure 3.15: Fits to differing CS2 pressures and argon pressures 
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actual data in Figure 3.16. The difference is that the actual data appears to rise 

much faster than the simulation. This is hard to understand because any process 

that could be imagined to improve the model would tend to delay the rise by plac

ing population into 3 Pt , thereby making the population difference between 3 PI and 

3 P2 smaller. Also puzzling is the decay of the 396 cm-I signal after about 1000 ns. 

The 573 cm-I data do not show this behavior. A possible explanation for the in

ability of the model to fit this data involves the perturbation of the populations by 

the intense probe beams through stimulated Raman scattering (SRS). As the pop

ulation builds up in the 3 P2 level, a threshold is reached for SRS. The SRS would 

then tend to equalize the populations in the 3 PI and 3 P2 levels causing the signal to 

abruptly turn over as in Figure 3.16. Such an effect also tends to broaden spectral 

data. We have seen some indication of broadening in the 396 cm-I feature. We 
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Figure 3.16: Kinetics taken at 396 cm-1 and 574 cm-1 
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have no kinetic or spectral evidence that the data taken at the 574 cm-1 feature is 

seriously affected by SRS. 

In summary: 

• Models have been presented that account for our kinetic data showing popu

lation inversion between the J = 0 and J = 2 levels. 

• The simple three-parameter model does not yield consistent values for the 

quenching rate coefficients, but does give consistent values for the branching 

ratio between the J = 0 and J = 2 levels. 

• The branching ratios for Ar, Kr, and Xe quenching obtained from the rate 

constants in the simple three parameter model are 0.83, 0. 75, 0. 73, respectively. 
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• A more complicated model (including six parameters) describes data with 

argon as the quenching gas under a variety of conditions. 

• The kinetics measured at the J = 2 +-+ 1 transition show no evidence of 
. . 
mvers10n. 

• There is some evidence of perturbation of the data taken at the 396 cm-1 

feature by the probe beams through the stimulated Raman effect, making this 

data difficult to fit. 

3.2.3 Discussion 

From a purely empirical point of view, the data and results of modeling pre

sented in the last section are quite remarkable. Out of nine possible S(3 P) product 

fine-structure states, 3 Po is formed more than 70% of the time through quenching 

by the rare gases Ar, Kr and Xe. This is strikingly greater than the 11% expected 

if the quenching produced a 1:3:5 statistical distribution of the product terms. Fur

thermore, the difference in energy between the 3 Po and 3 P2 levels is only 6% of the 

energy released into translation by the quenching, so an explanation based on energy 

disposal is very unlikely. 

The first step toward understanding the selective quenching mechanism evident 

in the data presented in the last section is certainly to consider the potential energy 

curves for the interaction of rare gas and sulfur atoms. The procedure for determin

ing the molecular terms derived from separated atoms is well understood. These 

rules are based on Wigner and Witmer's rigorous application of group theoretical 

methods to molecular quantum mechanics. Herzberg [55) presents a convenient table 

of the application of these rules to most cases. 
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When the atoms are close together, there is a strong electrostatic field along 

the internuclear axis. Each atom's net orbital (L) and spin (S) angular momentum 

separately couple to the axis to form a resultant total angular momentum projection 

along the axis. This regime is known as H und 's case (a) or (b). Here the energy levels 

are described by quantum numbers A and E, the total orbital and spin projections 

along the internuclear axis. They may also be labeled by n, the total angular 

momentum about the axis, whose value is I A+ E I [55]. 

As the internuclear distance is increased, the electrostatic interaction coupling 

the angular momenta to the·axis weakens. At some point the spin-orbit splitting 

of the separated atoms is larger than the electrostatic interaction separating the 

molecular terms. In this regime each atom's total angular momentum J (from 

combination of L and S) weakly couples to the internuclear axis to form a resultant 

total angular momentum projection n. This is called Hund's case (c) or (J11 J2) 

coupling. A summary of the resulting molecular terms using both cases described 

is given in Table 3. 7. 

A diagram ( see inset in Figure 3.17) may now be constructed correlating the 

sulfur fine-structure levels and the molecular terms which arise as the atoms collide. 

Such diagrams are made on the assumption of an adiabatic change in internuclear 

distance. At large internuclear distances, the eigenfunctions are labeled by the J 

values of the isolated atomic levels; as the atoms get closer a weak coupling occurs 

and the states are labeled by n, their net MJ projection (Hund's case c), and finally 

by A and S (Hund's case a or b). The value of n and the non-crossing rule are used 

to bridge these regimes [56]. 

The quenching process involves the interaction of the potential energy curves 

derived from the 8(1 D2 ) level with the curves correlating to the ground term-
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Table 3. 7: Molecular terms arising from separated atoms. "Rg" stands for a rare 
gas atom. The parity of the state is indicated by a+ or- superscript. 

Separated Atoms Molecular Terms 

( L - S) coupling 

Rg(1S9 ) + S(3 P9 ) 

Rg(1S9 ) + S(l D9 ) 

( J - J) coupling 

Rg(O+) + S(o+) 
Rg(O+) + S(l) 
Rg(O+) + S(2) 

o+ 
o-,1 

o+,1,2 

S(3 PJ ). Kim Andrews in our group has performed ab initio calculations on these Ar

S potential curves. These calculations were guided by earlier work on the analogous 

rare gas oxides. It was found by Dunning and Hay [57] that configuration interaction 

( CI) must be included in such computations to obtain the correct shapes and crossing 

points for the curves, especially the shallow wells that may arise from contributions 

of higher energy charge-transfer states. MC SCF computations without inclusion of 

CI incorrectly show all rare gas oxide curves to be repulsive [57, 58, 59]. From the 

rare gas oxide results, it is also clear that two of the three singlet molecular terms 

deriving from Ar(1S0 ) + S(l D2 ) will be too repulsive to play a role in quenching 

at ambient temperatures. We have therefore ignored the 1 II and 1 Ll curves and 

concentrated instead on 1 I::+ and on the 31I and 3I::- curves that arise from the 

ground state atoms. 
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Our Ar-S calculations were performed with the GAMESS ab initio program pack

age [60] running on Sun 3-series computers. All of the calculations used a 6-31G* 

atomic basis set with d polarization exponents of 0.85 for Ar and 0.65 for S. MC 

SCF wavefunctions based on the full optimized reaction space method [61] were ob

tained from the appropriate RHF wavefunctions and used as input for a second-order 

GUGA CI calculation. For each molecular term, this SOCI calculation included all 

single and double excitations from the corresponding MC SCF configuration, with 

the constraint that core MOs resulting from the 1s, 2s and 2p orbitals of both atoms 

remained doubly occupied. The SOCI computations made use of the C2v subgroup 

of the molecule's Coov symmetry group and included 8000 to 11,000 configurations. 

Potential curves (neglecting spin-orbit interactions) were constructed by per

forming the calculations described above for all three molecular terms at 25 values 

of the Ar-S internuclear distance. Each single-point computation consumed ap

proximately 2 h of CPU time. Both the 3n and 32:- curves approached the same 

asymptotic energy of -924.48261 hartree, which is used as the zero of the energy 

scale in Figure 3.17. It was found necessary to shift the 1 :E+ curve downward by 

0.03186 hartree to match its asymptotic energy to the experimental 1 D2 -3 P split

ting of sulfur. Similar adjustments were used in prior CI calculations on the rare 

gas oxides [57]. 

One can see from Figure 3.17 that the 12:+ curve intersects the 32:- approxi

mately 240 cm-1 below the asymptotic energy of the S(l D2) plus argon, whereas 1 :E+ 

intersects 3n at 560 cm-1 above this asymptote. Therefore when 1 D2 sulfur encoun

ters argon at thermal speeds, the first intersection (circled in Fig. 3.17) is reached 

with no barrier, whereas the second is disfavored by an activation energy of approx

imately 2.5kT. Near these intersections, spin-orbit coupling ( not included in the 
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non-relativistic calculations above) can induce transitions between diabatic [62, 63] 

molecular curves having the same value of n [64]. The 1 :E+ term is purely n = o+, 

it therefore couples only to the o+ component of 3 :E-. This component in turn cor

relates to the 3 Po level of ground state sulfur (see inset in Fig. 3.17) that we find to 

be the dominant quenching product. The 3II curve also has an= o+ component. 

This component in turn correlates to the 3 P2 level in ground state sulfur. As stated 

before, this crossing is energetically disfavored making a transition at this crossing 

less likely. 

Note that this mechanism justifies the omission of the quenching channel to 

se P1 ) in our kinetic models in the last section. The 1 :E+ level does not couple 

to this level. Direct spin-orbit coupling to this level must occur from the higher 

lying 1 II term correlating to the S(l D 2 ). This 1 II term is unlikely to contribute to 

the quenching because the crossing between this term and the terms correlating to 

ground sulfur atom are expected to occur only at high collision energies. 

Quantum chemical calculations have not yet been performed on the KrS or XeS 

systems. Such calculations are however in the planning stages and should begin soon. 

Since oxygen has the same number of valence electrons as sulfur, many features of the 

potential energy curves and dynamics should be qualitatively similar to our system. 

No experimental determination of the branching ratios to the oe PJ) product levels 

is available. 

The results of Dunning and Hay's [57] potential calculations for KrO and XeO 

are shown in Figure 3.18. The ArO curve was also calculated. In contrast to our ArS 

calculation, no attractive well was found in the 1 :E+ curve for ArO. It can be seen 

from the figure that the well in the 1 :E+ curve deepens and the curves correlating 

with the 0(3 PJ) become more repulsive as the rare gas changes from Kr to Xe. 
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Figure 3.18: Rare gas oxide potential energy curves for Kr and Xe. Results of 
Dunning and Hay's CI calculations [57]. 
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We might expect the same trend in the RgS system. If the KrS and XeS curves 

follow the same pattern as KrO and XeO, both curve crossings could be reached 

with no barrier. Yet our experimental results indicate that the S(3 Po) level, which 

correlates only with the first crossing, is preferentially populated in quenching by 

all three rare gases studied. 

Dunning and Hay's wavefunctions were used in a subsequent theoretical study to 

evaluate spin-orbit matrix elements and perform scattering calculations [65]. These 

dose coupling calculations are capable of giving separate cross sect1ons for eacb 

fine structure level of the product 3 P oxygen. Cohen, et al. [65] reported that the 

calculated cross sections for quenching into the 3 Po and 3 P2 levels are very similar 

in all cases. They attribute this result to strong coupling over an extended range 

of internuclear separations of the molecular terms dissociating to different atomic 

fine structure levels. If this effect were present in our Ar-S system, we would see no 

product selectivity. Perhaps the difference arises from the larger splitting between 

the 3 Po and 3 P2 levels in sulfur ( 573 cm-1 ) compared to oxygen ( 226 cm-1 ). 

Without the benefit of calculated Kr-S and Xe-S potential curves, the best expla

nation for our results may involve a large change in the magnitude of the spin-orbit 

coupling at the curve crossings between the excited and ground molecular terms. 

The curves in Figure 3.17 were calculated without spin-orbit coupling. If this term 

were included in the calculation, molecular terms with the same value of n would 

"avoid" each other (in accordance with the well known non-crossing rule) with a sep

aration equal to twice the matrix element coupling the terms [65]. If this coupling is 

small the diabatic (crossing) curves may be used to interpret the scattering. How

ever, the situation is very different if the coupling is large and the diabatic curves are 

so distorted by the coupling that they no longer provide a good basis for discussing 
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the dynamics. In the rare gas oxide system discussed above, Cohen et al. and earlier 

Kinnersly et al. (59] found a strong dependence on the internuclear separation for 

the spin-orbit matrix element coupling the 3TI and 1 E+ molecular terms. It is the 

crossing between these curves that would lead to the direct production of 3 P2 • In 

the rare gas oxides system the coupling at the inner crossing is calculated to be 180 

and 500 cm-1 for Kr and Xe, leading to a separation between the adiabatic curves 

of 360 and 1000 cm-1 . Figure 3.19 shows a sketch of the relevant curves if such 

large coupling is present. Also shown is a typical trajectory leading to quenching. 

Since the 3 TI and 1 E+ curves are well separated, it is unlikely that quenching occurs 

through interaction between them. 
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Figure 3.19: Better curves for describing the selective quenching. A trajectory 
leading to selective quenching is also sketched. 



Chapter 4 
Conclusions 

The method of time-resolved CARS spectroscopy has been used for the first time 

to detect atomic sulfur and to obtain quantitative kinetic data on the populations 

of sulfur's ground term 3 PJ fine structure levels. It was found that quenching of 

1 D2 sulfur to the 3 P term by collision with the rare gases argon, krypton, and 

xenon leads to a population inversion among the sulfur 3 P fine structure levels. 

More specifically, an inversion was observed between the 3 Po top level and the 3 P2 

bottom levels of the multiplet. Kinetic data indicated no such inversion between 

the 3 P1 and 3 P2 levels. Investigation of the asymmetric lineshapes often present in 

CARS spectra gave further evidence of the inverted population distribution. 

Extensive kinetic modeling of data at the 573 cm-1 3 Po+-+ 3 P2 transition was 

performed with the goal of determining branching ratios to the 3 P fine structure 

levels in quenching by rare gases. Kinetic models including all possible processes 

in this system contain too many unknown parameters to be useful. The simplest 

model that provides reasonable fits to the data gave values of 0.83, 0. 75, and 0. 73 for 

the fractional formation of sulfur's 3 Po level through quenching by Ar, Kr, and Xe, 

respectively. These values are averages of the branching ratio obtained from several 

fits of data sets taken under different experimental conditions. The main source of 

error in these ratios is believed to be the unknown contribution of the cs2 precursor 

to the quenching of 1 D 2 sulfur, a process which was not included in the simple three 

parameter model. Our estimate of the error in these ratios is ±0.05. A more realistic 

six-parameter kinetic model was successful in fitting data sets with argon as buffer 

under a wide variety of conditions. 
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MCSCF CI calculations were performed to obtain the forms of relevant low

lying Ar-S potential curves. These calculated curves suggest that quenching pro

ceeds through a single energetically accessible intersection between molecular terms, 

which, when correlation and coupling rules are considered, leads to the 3 Po product 

that is observed experimentally. This mechanism also supports the apparent lack of 

production of the 3 P1 level, as the curve crossings that lead directly to this level are 

higher lying and unlikely to contribute at thermal collision energies. The Kr-S and 

Xe-S potential curves are at present unavailable. If these curves follow the same 

trend as the earlier calculations [57] on the similar rare gas oxide system, the selec

tive quenching mechanism may not be easily explained by energetic considerations 

alone. Other possible explanations will likely involve conjecture about differences 

in the spin-orbit coupling strengths between molecular terms at their two crossings. 

Also notable is the absence of mixing in the exit channel as the atoms separate. 

Scattering calculations [65] on the rare gas oxide system show this mixing to ef

fectively equalize the final state populations, in stark contrast to our experimental 

results on Rg-S quenching. 

Quenching of an atom from an excited to a ground term through collision with 

another atom is the simplest and most theoretically tractable form of electronic

to-translational energy transfer. As the first fine-structure resolved experiment on 

such quenching, this work is intended to .stimulate further theoretical efforts to find 

realistic molecular potential curves and scattering results that will account for the 

intriguing data. The outcome should be a deeper understanding of electronic-to

translational energy transfer in this system and in others. 



Appendix A 
Stepper Motor Controller 

Our CARS apparatus was originally designed for use with a single-user computer 

system. This Digital Equipment Corp. LSI 11/73 laboratory computer used Dig

ital's real time operating system-RTll. As the needs of the experimental group 

grew, it was decided to upgrade to a multiuser operating system-TSX+. This up

grade required numerous changes to the existing low level routines that opperated 

the laboratory hardware. 

The probe dye laser system's tuning element is turned by a stepper motor as

sembly. In the previous single-user environment, the computer provided a square 

wave pulse train for this assembly. During long excursions, the stepper motor could 

be in motion for longer than one minute. This mode of operation is unacceptable 

in a multiuser environment as the real time nature of the square wave generating 

routine usurps all of the system time leaving other users waiting (and frustrated!). 

An alternative was to construct a subsystem that would be controlled by the 

computer system to operate the stepper motor while using minimal system time. 

The stepper motor controller is based on the CY500 Stored Program Stepper 

Motor Controller ( Cybernetic Micro Systems, San Gregorio, California). This is 

a standard 5 volt, 40 pin LSI deviced configured to control any 4-phase stepper 

motor. It is controlled by an asynchronous TTL level input. It also provides TTL 

level output for interfacing. 

This chip is installed, along with other neccessary components, onto a DIOll 

Digital Input/Output Module from Andromeda Systems. This board is a standard 

dual-width Q-bus module and is installed into the backplane of the computer chassis. 
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This board provides four 16-bit registers for interfacing. Each of the registers may 

be configured to be read-only or write-only. 

The CY500 chip is a high level device that is programmable via ASCII or binary 

modes. Low level routines CYINIT and STEP are used to initialize and program the 

chip. The chip then is told to excecute its program-which is basically to output a 

prescribed number of pulses. These pulses are received by a SLO-SYN module and 

translated into the high current 4-phase signals required to drive the stepper motor. 

The chip provides a done bit as a signal to the calling program that the program has 

been executed. While the program is waiting for the chip to execute its program it 

is placed in a low priority state and the CPU is free to service other users. 



Appendix B 
Delay Generator 

This appendix will be a brief description of a new delay generator for the time

resolved CARS apparatus. This device is used to control the triggering of the YAG 

laser flashlamps and Q-Switches. Previous to the construction of this new device, 

the maximum time delay attainable for kinetic experiments was 1 J-LS. The range of 

the new device is from 0 to 100 J-LS. 

The delay generator is composed of 3 sections: 

• Three delay generator boards from Evans Electronics (Berkeley, CA). Model 

No. 4141 ( 0-1 J-Ls), 4141-1 (0-10 J-Ls), and 4141-2 (0-100 J-LS). 

• A custom designed control board. The function of this component is primarily 

to switch among the three delay boards. 

• Power supplies. 

The Evans boards are simple to use single PC boards that generate two pulses 

separated by a delay. The delay is externally controlled by an analog voltage. In 

our laboratory this voltage is provided by a DAC operated under computer control. 

The Evans board accepts input voltages from 0-10 volts. After the delay board is 

triggered, two pulses are generated. One is called the reference pulse and follows the 

trigger pulse by a fixed insertion delay. This pulse is used to trigger the excitation 

YAG laser Q-Switches. After the computer chosen delay, another pulse-called the 

delay pulse-is used to trigger the probe YAG laser Q-Switches. 

The custom designed control circuitry is basically a switch to choose the correct 

delay board for the given delay. It is desirable to use the Evans board that has a 
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range closest to the range required by the experiment because there is increasing 

jitter in the longer-ranged boards. The timing jitter in these boards are: < 1 

ns., < 5 ns., and < 50 ns. The switching circuit is controlled by TTL signals 

from the DAC. All three delay boards are simultaneously given the analog control 

voltage and continuously produce the delay that corresponds to that voltage within 

the appropriate range for that board. A series of DIP reed relays (Magnecraft 

W171DIP-7*, and -25*) are used to direct the proper Evans board's signal to the 

YAG Q-switches. 

This device also controls the YAG laser system fl.ashlamps. This is necessary 

because as the delay between Q-switch triggers approaches 1 p,s the fl.ashlamps 

must be delayed with respect to each other also. This is required to maintain good 

laser performance. The Q-switch must be triggered at the proper time in the build 

up of the inversion in the YAG rod. 

Figure B.1 is a schematic diagram of the main components of the delay generator 

and the components that it controls. 
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Figure B.l: Delay generator block diagram. The shaded areas are not inside the 
delay generator housing. 



Appendix C 
Computer Modeling Routine: fitit 

fitit is a computer program used to fit kinetic models to experimental data. 

This FORTRAN routine was written by Kim Andrews in our group. 

The user must first add to the program the rate equations for the model to be 

studied. This set of partial differential equations is identified by a two letter code 

and added to the subroutine f. for. The program is then compiled and linked. 

The easy to use menu-driven program allows the user to input the information 

necessary to perform the fit: the data file, the kinetic model code, the initial concen-

tration of all relevant species, first-guess rate coefficients, detection cross-sections for 

all species involved, etc. For automatic fits, any of these parameters may be allowed 

to vary or can be fixed at the value entered. 

The rate equations are then integrated by the trapezoidal rule and/or Hermite 

quadrature. The instrumental response function ( assumed to be Gaussian) is then 

convolved with the results of the integration of the rate equation, and a measure of 

goodness of fit, x2 , is then computed [66). Adjustable kinetic parameters are varied 

to minimize x2 through the well known Marquardt algorithm. After converging on 

a minimized x2 , the program graphically displays the computed fit and the data 

points on the same scale so that the user can evaluate the fit and make appropriate 

changes to the model or parameters. 
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Appendix D 

Miscellaneous Topics 

A couple of topics that warrant inclusion but do not really fit anywhere else will 

be presented here. 

D.l Evidence for prompt S(3 P1 ) 

In low buffer gas pressure kinetic scans, a signal was sometimes observed con

volved with the excitation pulse. In Figure D.1 we see that the signal appeared only 

centered around zero delay, with a kinetic width of about 8-10 ns. Spectral data 

(Figure D.2) confirm that this signal does indeed come from S(3 PJ ). One possi

ble explanation is the prompt production of highly translationally excited S(3 PJ) 

atoms that are rapidly leaving the probed volume. Simple calculations based on the 

absorption of two photons demonstrate that the amount of translational energy re

quired for such a rapid dissappearance is unreasonable. Another idea is the prompt 

production of S(3 PJ ) atoms followed by rapid excitation of these ground state sul

fur atoms by the excitation pulse. There is no obvious resonant excitation sequence 

at 318 nm, however [67). Perhaps there is a CS2 excitation sequence requiring the 

participation of three beams-the UV beam at 318 nm and the CARS probe beams. 

These beams are very intense and could easily take part in the excitation sequence. 

This would explain why the signal only appears during the excitation pulse. While 

we do not understand this possible channel for the production of S(3 PJ ), (which 

was not entirely reproducibl~ see Fig. 1.3) it was never required to explain any of 

our kinetic data. 
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Figure D.l: Evidence for prompt production of se PJ) 
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D.2 Experiments with carbonyl sulfide (OCS) 

After the initial stages of this work, we decided to use carbonyl sulfide (OCS) 

as the precursor for the S(l D 2 ). This would provide independent confirmation of 

the presence of S(l D 2 ) since our method does not detect S(l D 2 ) directly. Carbonyl 

sulfide is the most commonly used source of S(l D 2 ) (68, 69, 70), and the quantum 

yield for S(l D 2 ) prduction is reported to be unity in the region 222-248 nm (70). 

More importantly, it was hoped that the one photon excitation of OCS would provide 

a larger sulfur signal for a given precursor pressure. The ability to work at lower 

precursor pressures would then make it easier to choose experimental conditions 

amenable to kinetic modeling. 

We were not successful in using OCS as precursor. The difficulty stemmed from 

the excitation method. The new nonlinear material beta barium borate (BBO) 
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Figure D.2: Spectral evidence for prompt S(3 PJ) 
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was used to create the fifth harmonic (213 nm) by mixing the second and third 

harmonics (Figure D.3). We had expected to obtain 5-10 mJ of 213 nm light. 

Unfortunately we obtained less than 1 mJ. The resulting signals from sulfur atoms 

at reasonable OCS pressures were smaller than for 318 nm excitation of the same 

pressure of CS2 precursor. However, we were able to confirm the 3 PJ inversion effect 

(Figure D.4) using OCS as the S(l D2 ) precursor. 

In addition to low signal problems with 213 nm excitation, there were technical 

problems with the crystal. After several days of use, the faces of the crystal devel

oped hazy areas at the beam entrance and exit points. Such damage was likely to be 

caused from moisture adsorbing onto the surface. An advantage of BBO is claimed 

to be that it is not as hygroscopic as the more common KDP crystal. The BBO 

crystal was returned to the company from which it was obtained (CSK Crystal, Los 
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Angeles, CA) for repolishing. A standard housing was then built for the crystal 

to prevent moisture damage. Unfortunately, after the crystal was returned, it was 

damaged again by further use. 

Because of low signal from S(3 PJ) with OCS as precursor and technical problems 

with the BBO crystal, this strategy for producing S(l D2 ) was abandoned. 
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